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The	  Springerville	  Volcanic	  Field	  (SVF)	  is	  a	  monogenetic	  volcanic	  field	  located	  
in	  east-­‐central	  Arizona	  and	  is	  the	  southernmost	  of	  several	  late	  Pliocene	  to	  Holocene	  
volcanic	  fields	  along	  the	  margin	  of	  the	  Colorado	  Plateau.	  	  It	  encompasses	  an	  area	  of	  
over	  3000	  km2	  and	  consists	  of	  over	  450	  vents,	  most	  of	  which	  are	  cinder	  cones,	  
which	  produced	  mainly	  basaltic	  flows,	  between	  2.1	  and	  0.3	  Ma.	  About	  85%	  of	  the	  
SVF	  was	  previously	  mapped	  in	  detail	  by	  Condit,	  Crumpler	  and	  Aubele	  (1999).	  	  In	  the	  
summers	  of	  2010	  and	  2011,	  mapping	  was	  completed	  in	  the	  remaining	  portion	  of	  the	  
field	  known	  as	  the	  Yellow	  Jacket	  Cienega	  Subdivision	  (YJC).	  The	  YJC	  area	  is	  of	  great	  
interest	  because	  it	  arguably	  contains	  the	  youngest	  and	  most	  evolved	  flows	  and	  
represents	  the	  convergence	  of	  several	  different	  geographic	  subdivisions.	  	  The	  
completed	  dataset,	  including	  the	  chemical	  analysis	  of	  575	  samples,	  allows	  for	  
further	  study	  of	  the	  petrogenetic	  evolution	  of	  the	  SVF,	  with	  possibilities	  for	  
thermobarometry	  and	  distinguishing	  isotopic	  reservoirs.	  The	  source	  rock	  for	  the	  
SVF	  lavas	  was	  determined	  to	  be	  a	  garnet	  lherzolite	  with	  a	  higher	  clinopyroxene	  to	  
garnet	  ratio	  than	  typical	  garnet	  lherzolite.	  Based	  on	  the	  methods	  derived	  by	  Lee	  et	  
al.	  (2009),	  depth	  of	  melting	  ranged	  from	  75km	  to	  130	  km,	  though	  the	  majority	  lie	  
	   viii	  
between	  107	  and	  115	  km	  depth.	  	  This	  could	  be	  inferred	  as	  a	  range	  of	  depths	  of	  
melting,	  beginning	  in	  the	  garnet	  range	  and	  extending	  shallower,	  or	  scatter	  due	  to	  
the	  assumptions	  made	  for	  these	  calculations.	  	  Despite	  the	  fairly	  limited	  isotopic	  
data,	  SVF	  lavas	  seem	  to	  be	  derived	  from	  a	  Prevalent	  Mantle	  (PREMA)	  reservoir,	  with	  
input	  of	  an	  enriched	  component,	  which	  is	  likely	  due	  to	  crustal	  contamination.	  The	  
completed	  dataset	  for	  the	  SVF	  represents	  a	  unique	  resource,	  useful	  not	  only	  in	  
studying	  the	  petrogenetic	  evolution	  of	  this	  volcanic	  field,	  but	  as	  a	  yardstick	  for	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CHAPTER	  1	  
INTRODUCTION	  
1.1	  Overview	  of	  the	  Springerville	  Volcanic	  Field	  
	   The	  Springerville	  Volcanic	  Field	  (SVF)	  is	  the	  southernmost	  of	  several	  late	  
Pliocene	  to	  Holocene	  volcanic	  fields	  along	  the	  margin	  of	  the	  Colorado	  Plateau	  	  
(Condit	  et	  al.,	  1999).	  	  	  This	  monogenetic	  volcanic	  field,	  located	  in	  east-­‐central	  
Arizona,	  overlies	  the	  lithospheric	  transition	  zone	  between	  the	  Colorado	  Plateau	  and	  









Figure	  1:	  The	  location	  of	  the	  SVF	  and	  other	  volcanic	  fields	  along	  the	  














Figure	  2:	  	  Outline	  of	  the	  Springerville	  volcanic	  field,	  showing	  1:24K	  
quadrangle	  maps.	  	  The	  target	  mapping	  area	  for	  the	  summer	  of	  
2011	  is	  the	  southeast	  part	  of	  the	  Horseshoe	  Cienega	  and	  
southwest	  part	  of	  the	  Greens	  Peak	  Quadrangles,	  in	  the	  south	  
central	  part	  of	  the	  field.	  This	  figure	  is	  modified	  from	  the	  2010-­‐
11-­‐02	  version	  of	  the	  DDM-­‐SVF.	  
	  
It	  encompasses	  an	  area	  of	  over	  3000	  km2	  and	  consists	  of	  over	  450	  pyroclastic	  vents	  
that	  produced	  mainly	  basaltic	  flows	  between	  2.1	  and	  0.3Ma.	  	  	  Prior	  to	  1.75Ma,	  
tholeiitic	  lavas	  dominated	  the	  field.	  	  Rates	  of	  vent	  formation	  increased	  before	  1.5Ma,	  
which	  coincided	  with	  a	  shift	  in	  the	  locus	  of	  magmatism	  from	  west	  to	  east,	  as	  well	  as	  
an	  increase	  in	  the	  alkalic	  nature	  of	  the	  magma.	  	  From	  1.5-­‐0.75Ma,	  the	  eruptive	  
volume	  remained	  relatively	  steady	  and	  evolved	  alkalic	  lavas	  became	  more	  
prevalent.	  This	  was	  followed	  by	  a	  decline	  in	  volcanism	  from	  0.75Ma	  onwards	  
(Condit	  and	  Connor,	  1996).	  	  To	  the	  south,	  the	  Mount	  Baldy	  complex	  underlies	  the	  
SVF	  and	  ranges	  in	  age	  from	  9-­‐7Ma	  (Connor	  et	  al.,	  1992).	  	  	  
	   3	  
About	  85%,	  or	  2280	  km2	  of	  the	  SVF	  was	  mapped	  by	  Chris	  Condit,	  Larry	  Crumpler	  
and	  Jayne	  Aubele	  between	  1978	  and	  1982,	  making	  this	  arguably	  one	  of	  the	  best	  
characterized	  volcanic	  fields	  in	  the	  world,	  although	  the	  remaining	  unmapped	  part,	  
which	  is	  topographically	  and	  stratigraphically	  the	  highest	  part	  of	  the	  field	  was	  not	  
included	  this	  work.	  	  Of	  the	  mapped	  erupted	  lavas,	  47%	  are	  alkali	  olivine	  basalts,	  
while	  28.5%	  are	  hawaiite	  and	  23.7%	  are	  tholeiite.	  	  Mugearites	  and	  benmorites	  are	  
scarce,	  representing	  less	  than	  one	  percent	  of	  the	  total	  area	  (Ulrich	  et	  al.,	  1989).	  	  
Condit	  et	  al.	  (1989)	  noted	  a	  general	  trend	  to	  more	  alkalic	  basalts	  as	  age	  decreases.	  
1.2	  Purpose	  
	   This	  is	  a	  three	  part	  study;	  the	  first	  part	  involves	  completing	  the	  mapping	  of	  
the	  SVF;	  the	  second	  focuses	  on	  using	  the	  newly	  acquired	  mapping	  data	  as	  well	  as	  
preexisting	  data	  to	  look	  for	  patterns	  in	  the	  magma	  source	  region	  with	  a	  focus	  on	  
assessing	  magma-­‐source	  heterogeneity,	  and	  the	  third	  provides	  a	  detailed	  
characterization	  of	  a	  terrestrial	  continental	  monogenetic	  volcanic	  field	  as	  an	  analog	  
for	  future	  planetary	  mapping.	  	  The	  completion	  of	  the	  unmapped	  184	  km2	  south-­‐
central	  portion	  of	  the	  SVF	  resulted	  in	  a	  detailed	  map	  for	  the	  entire	  field.	  	  Field	  data	  
combined	  with	  petrographic	  data	  and	  chemical	  analysis	  of	  samples	  were	  used	  to	  
complete	  the	  Dynamic	  Digital	  Map	  (Condit,	  1995)	  of	  the	  SVF.	  	  The	  new	  mapping	  and	  
stratigraphy	  have	  been	  used	  to	  revise	  the	  existing	  correlation	  of	  map	  units,	  and	  the	  
temporal	  relationships	  were	  further	  constrained	  by	  paleomagnetic	  data.	  Based	  on	  
the	  methods	  derived	  by	  Lee	  et	  al.	  (2009),	  temperature	  and	  depth	  to	  magma	  
formation	  were	  calculated	  based	  on	  major	  element	  chemistry	  of	  the	  samples.	  These	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data	  have	  been	  further	  used	  to	  examine	  possible	  trends	  and	  spatial	  patterns	  in	  the	  
magmatic	  sources.	  	  Cooper	  and	  Hart	  (1990)	  suggested	  that	  three	  different	  mantle	  
reservoirs	  formed	  the	  SVF;	  the	  completed	  mapping,	  chemical	  analysis	  and	  analysis	  
of	  the	  temperature	  and	  depth	  of	  magma	  formation	  allowed	  this	  hypothesis	  to	  be	  
evaluated	  further.	  
	   Chapter	  5	  represents	  a	  standalone	  paper	  that	  focuses	  mainly	  on	  discussing	  
the	  mapping	  of	  the	  SVF.	  	  The	  data	  derived	  from	  it	  are	  a	  template	  that	  may	  be	  used	  to	  
compare	  the	  characteristics	  of	  continental	  and	  planetary	  volcanic	  fields.	  	  For	  less	  
accessible	  basaltic	  volcanic	  fields,	  the	  detailed	  SVF	  can	  serve	  as	  a	  guide	  to	  
interpreting	  remote	  sensing	  or	  limited	  data	  and	  help	  determine	  necessity	  for	  further	  
study	  (i.e.	  locations	  for	  sampling	  by	  rovers).	  	  This	  study	  also	  aims	  to	  discuss	  the	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CHAPTER	  2	  
BACKGROUND	  
2.1	  Tectonic	  History	  
	   The	  Springerville	  Volcanic	  Field	  (SVF)	  is	  related	  to	  changes	  in	  western	  North	  
American	  beginning	  largely	  with	  the	  subduction	  of	  the	  Farallon	  Plate	  that	  began	  
over	  140	  million	  years	  ago	  and	  has	  since	  created	  a	  series	  of	  nearly	  continuous	  
tectonic	  events.	  	  Today,	  only	  small	  fragments	  of	  the	  Farallon	  Plate,	  including	  the	  
Juan	  de	  Fuca	  and	  the	  Cocos	  Plate,	  remain	  along	  the	  boundaries	  of	  North	  and	  South	  
America.	  	  The	  loss	  of	  the	  Farallon	  Plate	  altered	  plate	  boundary	  geometry	  and	  
relative	  plate	  motions,	  which,	  in	  turn,	  dramatically	  affected	  the	  tectonics	  of	  the	  
interior	  of	  the	  North	  American	  Plate.	  	  One	  result	  was	  the	  subsequent	  ‘extensional	  
orogeny’	  and	  the	  associated	  magmatism	  (Baldridge,	  2004).	  
	   Beginning	  around	  70-­‐80Ma,	  the	  Laraminde	  Orogeny	  is	  often	  considered	  the	  
most	  important	  event	  shaping	  the	  modern	  Colorado	  Plateau	  as	  seen	  today	  (Baars,	  
2000).	  During	  the	  Laramide,	  previously	  existing	  areas	  of	  structural	  weakness	  in	  the	  
crust	  were	  reactivated,	  including	  many	  faults	  and	  folds	  on	  the	  Colorado	  Plateau.	  	  
Uplifts	  and	  basins	  developed	  involving	  large-­‐scale	  sediment	  transfer.	  	  Major	  uplifts,	  
including	  the	  Defiance,	  Zuni,	  Kaibab,	  Monument	  and	  the	  San	  Rafael	  Swell,	  reached	  
their	  present	  day	  configuration	  during	  the	  Laramide.	  	  Several	  basins,	  such	  as,	  the	  
San	  Juan,	  Black	  Mesa	  and	  Paradox	  formed	  initially	  under	  active	  subsidence	  in	  the	  
Paleozoic	  and	  the	  Precambrian	  but	  sank	  further	  to	  their	  present	  day	  form	  during	  the	  
Laramide	  (Baars,	  2000).	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   The	  trailing	  end	  of	  the	  Farallon	  Plate	  subducted	  approximately	  28	  Ma	  
resulting	  in	  plate	  reconfiguration.	  	  The	  North	  American	  and	  Pacific	  Plates	  were	  in	  
contact	  for	  the	  first	  time	  in	  modern	  tectonics.	  	  While	  the	  relative	  motion	  of	  the	  North	  
American	  and	  the	  Farallon	  Plates	  had	  been	  nearly	  perpendicular,	  the	  North	  
American	  and	  Pacific	  Plates	  moved	  parallel	  to	  one	  another	  creating	  right	  lateral	  
shear.	  	  This	  transform	  boundary	  resulted	  in	  the	  Mendocino	  and	  Rivera	  triple	  
junctions	  to	  the	  north	  and	  the	  south,	  respectively,	  where	  all	  three	  plates,	  the	  North	  
American,	  the	  Pacific	  and	  the	  Farallon	  were	  all	  in	  contact.	  	  Twenty	  million	  years	  ago,	  
the	  Mendocino	  junction	  was	  located	  at	  approximately	  the	  latitude	  of	  San	  Diego,	  as	  
the	  transform	  zone	  lengthened	  in	  correspondence	  with	  the	  subduction.	  	  Today,	  the	  
Mendocino	  junction	  coincides	  with	  the	  Mendocino	  Fracture	  zone	  offshore	  of	  
northern	  California	  and	  represents	  the	  boundary	  between	  the	  North	  American,	  
Pacific	  and	  Juan	  de	  Fuca	  Plates.	  	  To	  the	  south,	  the	  Rivera	  junction	  currently	  lies	  just	  
to	  the	  south	  of	  Baja	  California	  and	  serves	  as	  the	  boundary	  between	  the	  North	  
American,	  Pacific	  and	  Cocos	  Plates	  (Baldridge,	  2004).	  	  	  
	   The	  stable	  sedimentation	  and	  deposition	  regime	  created	  post-­‐Laramide	  was	  
soon	  interrupted	  by	  intense	  intermediate	  to	  silicic	  volcanism	  during	  the	  middle	  
Tertiary	  (Baldridge,	  2004).	  	  Increased	  structural	  deformation	  allowed	  molten	  
magma	  to	  more	  easily	  penetrate	  the	  crust,	  often	  along	  faults	  and	  fractures	  (Baars,	  
2000).	  	  Evidence	  of	  this	  is	  found	  in	  Tertiary	  lavas	  that	  are	  widespread	  around	  the	  
southwestern	  United	  States	  and	  northwestern	  Mexico.	  	  As	  a	  general	  trend,	  the	  
northernmost	  and	  southernmost	  areas	  of	  the	  Basin	  and	  Range	  Province	  are	  
characterized	  by	  the	  oldest	  volcanism.	  	  The	  age	  of	  volcanism	  decreases	  towards	  the	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central	  Basin	  and	  Range	  (Baldridge,	  2004).	  	  This	  mid-­‐Tertiary	  volcanism	  was	  caused	  
by	  extensional	  deformation,	  which	  occurred	  in	  two	  broad	  stages.	  	  The	  first	  occurred	  
in	  the	  early	  Oligocene	  and	  consisted	  of	  low-­‐angle	  faulting.	  	  This	  initial	  extension	  
occurred	  in	  linear	  zones	  of	  relatively	  narrow	  belts,	  ranging	  in	  width	  up	  to	  a	  few	  
hundred	  kilometers.	  	  The	  second	  phase	  of	  extension	  occurred	  during	  the	  late	  
Miocene-­‐Pliocene	  along	  high-­‐angle	  normal	  faults	  (Baldridge,	  2004).	  Extensive	  
volcanic	  field	  formed	  during	  this	  time	  period	  including	  the	  Boot	  Heel,	  the	  Mogollon-­‐
Datil,	  the	  San	  Juan	  and	  the	  Trans-­‐Pecos	  Volcanic	  fields	  (Baldridge,	  2004).	  
	   All	  of	  the	  silicic	  to	  intermediate	  rocks	  of	  these	  mid-­‐Tertiary	  volcanic	  fields	  
have	  a	  calc-­‐alkaline	  signature,	  which	  suggests	  that	  they	  are	  related	  to	  the	  broad	  
continental	  magmatic	  arc	  created	  by	  the	  subducting	  Farallon	  Plate.	  	  Isotopic	  data	  
indicates	  that	  the	  silicic	  rocks	  could	  very	  plausibly	  have	  been	  derived	  from	  remelted	  
Proterozoic	  crust.	  	  Away	  from	  the	  plate	  margin,	  along	  the	  eastern	  edge	  of	  the	  
volcanism,	  compositions	  are	  more	  strongly	  alkalic,	  which	  is	  consistent	  with	  the	  
deeper	  Farallon	  Plate	  under	  a	  drier	  mantle	  wedge	  (Baldridge,	  2004).	  
The	  Colorado	  Plateau	  is	  a	  piece	  of	  craton	  that	  was	  initially	  in	  the	  area	  of	  the	  
Great	  Plains	  but	  got	  rifted	  away	  as	  the	  Rio	  Grande	  Rift	  continued	  to	  open.	  	  The	  
Plateau	  region	  consists	  of	  384,000	  km2	  of	  high	  topography	  and	  lies	  at	  the	  “Four	  
Corners”	  comprised	  of	  the	  states	  of	  Colorado,	  New	  Mexico,	  Arizona	  and	  Utah	  (Patton	  
et	  al.,	  1991).	  	  Post-­‐mid-­‐Miocene	  extension,	  known	  as	  the	  basin-­‐and-­‐range	  phase	  of	  
extension,	  which	  is	  still	  continuing	  today,	  did	  not	  significantly	  impact	  the	  Plateau,	  
perhaps	  because	  the	  lithosphere	  of	  the	  Plateau	  region	  is	  too	  cold	  and	  strong.	  	  During	  
basin-­‐and-­‐range	  extension	  in	  the	  Miocene,	  the	  western	  US	  is	  presumed	  to	  have	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collapsed	  to	  its	  present	  day	  elevation.	  	  It	  is	  likely	  that	  at	  21Ma,	  the	  Plateau	  was	  not	  
differentiated	  from	  the	  Basin	  and	  Range	  province,	  but	  attained	  its	  distinction	  during	  
the	  collapse	  of	  the	  west	  (Baldridge,	  2004).	  	  
	   The	  Basin	  and	  Range	  Province	  of	  the	  western	  US	  occupies	  an	  area	  of	  over	  1.8	  
million	  square	  kilometers.	  	  This	  vast	  area	  of	  confined	  mountain	  ranges	  separated	  by	  
sediment-­‐filled	  basins	  is	  the	  result	  of	  lithospheric	  stretching	  and	  thinning.	  	  
Extension	  across	  the	  Basin	  and	  Range	  from	  the	  mid-­‐Tertiary	  to	  the	  present	  totals	  to	  
250-­‐300	  km;	  most	  of	  which	  has	  occurred	  from	  16	  Ma	  onwards.	  	  The	  average	  
direction	  of	  the	  extension	  is	  N73°W.	  	  The	  thin	  crust	  and	  lithosphere	  cause	  the	  Basin	  
and	  Range	  to	  sit	  at	  a	  lower	  elevation	  than	  the	  Colorado	  Plateau	  and	  the	  Great	  Plains.	  	  
Presently,	  deformation	  in	  the	  Basin	  and	  Range	  is	  occurring	  near	  the	  western	  and	  
eastern	  boundaries	  (Baldridge,	  2004).	  
	   Late	  Miocene	  to	  present	  tectonics	  are	  characterized	  by	  two	  regimes.	  	  The	  
first	  is	  continued	  right	  lateral	  shear	  due	  to	  the	  relative	  motion	  of	  the	  Pacific	  and	  
North	  American	  Plates.	  	  This	  shear	  affects	  areas	  as	  far	  east	  as	  Death	  Valley	  and	  Las	  
Vegas.	  	  The	  second	  tectonic	  influence	  is	  further	  collapse	  and	  extension	  of	  the	  Basin	  
and	  Range	  and	  the	  Rio	  Grande	  Rift	  (Baldridge,	  2004).	  
	   Widespread	  extension	  led	  to	  basaltic	  volcanism	  in	  the	  southwest	  United	  
States	  since	  the	  Quaternary	  (Baldridge,	  2004).	  	  The	  asthenosphere	  under	  the	  
southwest	  is	  shallow	  and	  hot	  as	  well	  as	  likely	  turbulent,	  as	  the	  long	  subducted	  
Farallon	  Plate	  sinks	  in	  the	  mantle.	  	  The	  buoyant	  asthenosphere	  plays	  a	  role	  in	  
supporting	  the	  high	  elevation	  of	  the	  region	  and	  thus	  aids	  in	  creating	  extensional	  
forces	  and	  gravitational	  collapse.	  	  One	  result	  is	  volcanism	  in	  and	  around	  the	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Colorado	  Plateau	  as	  exemplified	  by	  the	  volcanism	  of	  the	  Springerville	  Volcanic	  Field.	  	  
Most	  of	  these	  volcanic	  fields	  are	  basaltic	  in	  composition	  and	  generally	  consist	  of	  
many	  localized	  and	  short	  lived	  with	  eruptions	  ranging	  from	  a	  few	  months	  to	  a	  few	  
tens	  of	  years	  at	  maximum	  (Baldridge,	  2004).	  
2.2	  Previous	  Work	  
	   The	  Springerville	  Volcanic	  Field	  is	  a	  typical	  end	  member	  of	  such	  
monogenetic,	  recent	  basaltic	  volcanic	  fields.	  	  It	  erupted	  from	  2.1	  to	  approximately	  
0.3Ma.	  	  The	  extensional	  forces	  from	  the	  continued	  collapse	  of	  the	  Basin	  and	  Range	  
Province	  allowed	  for	  this	  3000	  km2	  field	  to	  erupt	  at	  the	  lithospheric	  transition	  zone,	  
which	  lies	  between	  the	  Colorado	  Plateau	  and	  the	  Basin	  and	  Range	  (Condit	  and	  
Connor,	  1996).	  	  It	  is	  the	  southernmost	  of	  several	  fields	  that	  exist	  at	  the	  edge	  of	  the	  
plateau,	  including	  the	  San	  Francisco,	  Mormon	  Mountain,	  Mount	  Baldy	  and	  Mount	  
Taylor	  volcanic	  fields.	  	  In	  contrast	  to	  these,	  the	  SVF	  does	  not	  contain	  a	  large	  silicic	  
center	  of	  volcanism;	  instead	  the	  dominant	  mechanism	  of	  eruption	  is	  through	  the	  
vents	  represented	  by	  approximately	  450	  basaltic	  cinder	  cones	  (Condit	  et	  al.,	  1993).	  	  
In	  addition	  to	  these	  cones,	  volcanic	  features	  also	  include	  five	  maar	  craters,	  four	  
fissure	  vents	  and	  two	  shield	  volcanoes,	  Blue	  Ridge	  Mountain	  and	  Coyote	  Hills	  
(Condit	  and	  Connor,	  1996).	  	  Older	  trachyitic	  lavas	  ranging	  in	  age	  from	  9-­‐7	  Ma	  from	  
Mount	  Baldy,	  a	  shield	  volcano	  to	  the	  south,	  underlie	  the	  lavas	  of	  the	  SVF	  (Condit	  et	  
al.,	  1989).	  	  There	  are	  also	  a	  few	  flows	  that	  erupted	  prior	  to	  the	  main	  eruptive	  events	  
in	  the	  SVF	  that	  flank	  the	  edge	  of	  the	  field.	  	  In	  the	  northern	  extent,	  a	  5.31±1.1Ma	  
tholeiitic	  flow	  covers	  an	  area	  of	  50km2.	  	  There	  are	  also	  flows	  dating	  from	  7.6±0.4Ma	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to	  2.94±0.14Ma	  at	  the	  edges	  of	  the	  field	  that	  range	  in	  composition	  from	  tholeiite	  to	  
hawaiite	  (Condit	  and	  Connor,	  1996).	  
Previous	  work	  showed	  that	  the	  aerial	  extent	  of	  the	  SVF	  includes	  47%	  alkali	  
olivine	  basalts,	  29%	  hawaiite,	  24%	  tholeiite,	  0.6%	  mugearite	  and	  0.2%	  benmorite.	  	  
Within	  the	  approximate	  1.8Ma	  of	  main	  eruptive	  events	  in	  the	  SVF,	  from	  2.1	  to	  0.3	  
Ma,	  there	  are	  several	  distinct	  eruptive	  episodes.	  	  In	  the	  earliest	  phase,	  prior	  to	  1.75	  
Ma,	  large	  volumes	  of	  tholeiitic	  lavas	  were	  erupted	  and	  comprise	  much	  of	  the	  basal	  
flows	  in	  the	  field	  with	  volumes	  estimated	  from	  aerial	  extents	  of	  mapped	  flows	  
(Condit	  et	  al.,	  1989).	  	  Rates	  of	  vent	  formation	  increased	  before	  1.5	  Ma,	  which	  
coincided	  with	  a	  shift	  in	  the	  locus	  of	  magmatism	  from	  west	  to	  east,	  as	  well	  as	  an	  
increase	  in	  the	  alkalic	  nature	  of	  the	  magma	  	  (Condit	  and	  Connor,	  1996).	  	  From	  1.75	  
to	  1	  Ma,	  steady	  volume	  output	  of	  alkali-­‐olivine	  basalts	  of	  increasing	  alkalic	  nature	  
erupted	  to	  form	  the	  largest	  volume	  of	  flows	  in	  the	  field	  (Condit	  et	  al.,	  1989).	  	  After	  
this,	  eruptive	  products	  were	  generally	  more	  evolved.	  	  However,	  declining	  volcanism	  
rates	  produced	  smaller	  volumes	  from	  1	  Ma	  to	  the	  last	  dated	  lavas	  produced	  at	  0.3	  
Ma	  (Condit	  and	  Connor,	  1996)	  (Figure	  3).	  	  Throughout	  time,	  the	  locus	  of	  volcanism	  
shifted	  from	  west	  to	  east	  at	  rates	  of	  1-­‐3cm/year,	  which	  is	  coincident	  with	  the	  rates	  














Figure	  3:	  Volume	  of	  each	  geochemical	  class	  erupted	  through	  time,	  from	  
Condit	  and	  Connor,	  1996.	  
	  
Of	  the	  total	  3000	  km2	  area	  of	  the	  SVF,	  approximately	  2600	  km2	  is	  volcanic	  
outcrop	  while	  the	  remaining	  area	  is	  exposed	  underlying	  sedimentary	  rock	  or	  
surficial	  units	  (Patton	  et	  al.,	  1991).	  	  Using	  the	  total	  volcanic	  outcrop	  and	  thickness	  
data	  derived	  from	  wells,	  the	  total	  volume	  erupted	  is	  approximately	  300	  km3.	  	  Using	  
this	  data,	  as	  well	  as	  ages	  and	  number	  of	  vents,	  an	  average	  effusion	  rate	  was	  
calculated	  at	  1.5x10-­‐4	  km3/yr	  (Condit	  et	  al.,	  1989).	  	  
	   Vents	  in	  the	  SVF	  are	  distributed	  much	  more	  closely	  compared	  to	  those	  in	  
other	  active	  and	  platform	  type	  continental	  volcanic	  field,	  with	  an	  average	  vent	  













Figure	  4:	  Distribution	  of	  distances	  (in	  meters)	  to	  nearest-­‐neighbor	  vent	  
for	  various	  platform-­‐type	  and	  volcanic	  cinder	  cone	  fields	  
(Settle,	  1979,	  Connor,	  1987,	  Connor	  et	  al.,	  1992).	  
	  
These	  vents	  also	  do	  not	  appear	  to	  be	  located	  randomly,	  but	  instead,	  occur	  in	  distinct	  
clusters.	  	  Connor	  et	  al.	  (1992)	  were	  able	  to	  identify	  seven	  clusters	  of	  vents	  using	  a	  
cluster	  analysis	  algorithm.	  	  Within	  clusters,	  preferred	  vent	  orientations	  were	  found.	  	  
It	  is	  likely	  that	  these	  orientations	  are	  consistent	  with	  pre-­‐existing	  areas	  of	  structural	  
weakness	  but	  on	  a	  local	  scale	  rather	  than	  on	  a	  regional	  scale.	  	  These	  weaknesses	  
provided	  paths	  for	  magma	  ascension,	  resulting	  in	  distinct	  areas	  of	  eruption.	  	  Rather	  
than	  forming	  a	  centralized	  eruptive	  vent,	  the	  small	  volume	  of	  the	  SVF	  lavas	  
preferentially	  followed	  these	  areas	  of	  weakness	  to	  the	  surface,	  creating	  the	  pattern	  
of	  cinder	  cones	  (Figure	  5).	  	  The	  determining	  structural	  patterns	  are	  probably	  the	  
result	  of	  tensional	  stresses	  occurring	  during	  the	  Plio-­‐Quaternary	  (Connor	  et	  al.,	  
1992).	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TABLE 1. Near-Neighbor Distributions for Some Volcanic Fields 
Distance to Near-Neighbor Vent by Quartile, m Number 
25% 50% 75% of cones 
Platform-Type Fields 
Springerville field 710 979 1407 409 
Nunivak Island 1047 1547 2955 83 
Michoac•n, Mexico 988 1580 2732 1016 
Volcanic-Type Fields 
Mauna Kea 569 813 1524 168 
Mount Etna 425 780 1373 87 
Mount Kilimanjaro 679 1152 1879 205 
density contour map will change if these search parameters are 
changed. The validity of using one size search area or grid 
spacing over another is difficult to assess. Cluster analysis 
avoids the interpolation associated with contouring altogether 
and provides a systematic approach to dealing with search 
areas. Here, a uniform kernel density fusion cluster analysis is 
used [Wong, 1982; Wong and Lane, 1983; Wong and Schaak, 
1982; Sarle, 1985]. The application of this technique to 
cinder cone distribution problems was described by Connor 
[1987, 1990]. 
Briefly, this cluster analysis provides a means of 
recognizing modes in vent distribution in a quantitative way. 
The method is considered robust because even if two clusters 
Distribution of distances (in meters) to nearest-neighbor vent by overlap slightly, they will still be recognized as two distinct 
quartile for various platform-type and volcanic-type cinder cone fields clusters. A circle of radius r is drawn about each vent within 
[Settle, 1979; Connor, 1987; this study]. SVF vents are more closely the field. The number of cones to fall within this circle is 
spaced than vents inthe Nunivak Island and Michoac•n platform-type f(Xi), for the ith vent. Ultimately, ann x n matrix is calculated fields and, at some quartiles, than vents in the Mauna Kea and Mount 
K'fiimanjaro volcanic-type fields. for the n number ofvents in the field. For each element in the 
matrix, 
variation in distribution. The goal of cluster analysis is to 
identify natural vent clusters within the SVF. This is 
important because quantitative alignment methods are 
adversely affected by inhomogeneities in vent distribution. 
By identifying clusters prior to making the alignment 
analysis, these effects are minimized. Furthermore, the 
occurrence and distribution of clusters thems lves may provide 
insight into the processes governing vent emplacement. 
Cluster analysis is a computer-based exploratory data 
analysis technique that searches for clusters, or modes, in vent 
distribution while making a minimum of assumptions. 
Assumptions about the significance of a given vent spacing 
inherent in most othe  methods n ed not be made in cluster 
analysis. For example, it is necessary to specify a grid 
spacing and an area about each vent, or grid point, within 
which the number of vents will be summed in order to produce a 
vent density contour map such as the one in Figure 3 [Porter, 
1972; Baker, 1974; Connor, 1987]. The appearance of the 
1 ] d(Xi, )< r ,
d*(X i, Xj) = 0% otherwise 
where d(X ,Xj) is the map distance b tween the ith and jth 
vent. Once this matrix is calculated, individual vents are 
linked using this matrix and a single linkage clustering 
algorithm [Hartigan, 1975; Le Maitre, 1982]. If the density 
fusion, d*, between two clusters is less than the maximum d* 
between any two vents within either cluster, then the two 
clusters are not linked. This step makes the recognition of 
overlapping clusters possible by reducing the importance of 
individual vents. However, it can also lead to the assignment 
of some vents to an inappropriate cluster if the densities of 
vents in one cluster is low in comparison with another, nearby 
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Fig. 3. Vent density distribution contour map based on a contouring rid spacing of 10 km and search radius of 7.5 km 
about each grid point. The grid point values were contoured using a minimum curvature contouring algorithm. Contour 
interval is 2 vents/172 km 2. Note that he highest concentration of ci der cones inthe SVF is found in the south central 
portion of the field. In this area, contour lines are elongate in a WNW orientation. UTM coordinates are given at the 
margin, as in Figure 2. 
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Figure	  5:	  Vents	  plotted	  by	  cluster	  showing	  vent	  alignments	  (lines	  labeled	  
A-­‐L).	  	  Vents	  belonging	  to	  the	  same	  cluster	  are	  plotted	  with	  the	  
same	  symbol	  (Connor	  et	  al.,	  1992).	  
	  
	   Olivine	  phyric	  basalts	  are	  the	  most	  common	  basalts	  in	  the	  SVF,	  comprising	  
46%	  of	  the	  area	  of	  volcanic	  outcrop.	  	  These	  olivine-­‐bearing	  basalts	  chemically	  fall	  in	  
either	  the	  alkali	  basalt	  or	  the	  transitional	  basalt	  class.	  	  The	  next	  most	  common	  
lithologic	  type	  is	  plagioclase	  phyric	  flows	  characterized	  by	  a	  diktytaxitic	  texture.	  	  
Most	  are	  tholeiitic	  basalt,	  which	  total	  to	  32%	  of	  the	  SVF	  area.	  	  Aphyric	  basalts	  
comprising	  11%	  of	  the	  field,	  most	  of	  which	  are	  classified	  as	  hawaiite.	  	  All	  other	  
lithologic	  types	  comprise	  less	  than	  3%	  of	  the	  total	  area	  (Condit	  et	  al.,	  1993).	  
	   The	  lavas	  of	  the	  SVF	  overlie	  sedimentary	  rocks	  from	  Mesozoic	  to	  late	  
Cenozoic	  in	  age.	  	  These	  gently	  dipping	  sediments	  include	  the	  Triassic	  Chinle	  and	  
Petrified	  Forest	  Formations	  to	  the	  north	  and	  Tertiary	  alluvial	  gravels.	  	  Gravels	  such	  
as	  this	  are	  plentiful	  along	  the	  Mogollon	  Rim.	  	  The	  underlying	  sedimentary	  substrate	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Fig. 5. Vents plotted by cluster membership. Vents belonging to the same cluster are plotted using the same symbol, 
centered on the vent location. This map illustrates the results of a cluster analysis using a search radius of 4500 m, which is 
well represe tative of the large clusters in the field. Other search radii produce different clust r configuration . The clusters 
shown are stable over the following search radii, plus or minus a few vents: cluster 1, 4200 to 5500 m; cluster 2, 4200 to 
5500 m; cluster 3, 4200 to 5500 m; cluster 4, 2900 to 4500 m; duster 5, 3700 to 5000 m; cluster 6, 3500 to 4500 m; 
cluster 7, 2700 to 4500 m. Vent alignments identified using the Hough transform are indicated by solid lines and are 
labelled A-L. Th se alignments were identified on a cluster by cluster basis; nonetheless, they often meet or lean be 
extrapolated across cluster boundaries, forming arcuate trends in the southern part of the field. 
fracture zone sizes. Experimentation showed that the number 
and orientation of alignments did not vary significantly by 
changing these parameters. The Hough transform is sensitive 
to the number of cinder cones used in the analysis and the 
shape of the cinder cone cluster. The more cinder cones in a 
cluster, the more likely it is that several cinder cones will 
align. If a cluster is elongate, alignments will likely be found 
in the direction of elongation. Consequently, we were careful 
to compare the results of the Hough transform with the results 
of the two-point azimuth method, which takes cluster shape 
into account. 
Within each cluster, one or two alignments that consist of 
numerous vents were identified using the Hough transform. 
M st of these alignments have rientations similar to those 
recognized as significant using the two-point azimuth method 
at the 95% confidence level. These alignments consist of six 
and usually seven or more vents, usually in proportion to the 
number of cinder cones in the entire cluster (Figure 5; Table 2). 
These alignments were identified within each cluster 
independently. Nonetheless, the alignments often meet, 
nearly meet, or can be extrapolated across cluster boundaries. 
This is particularly true for alignments in the central and 
southern portion of the field. Vent alignments C, E, and I 
create a nearly continuous alignment with an arcuate shape 
which spans the southern half of the field and which is 
approximately 65 km in length. This alignment divides in the 
central portion of the field, within cluster 3, east of which a 
second arcuate lignment orms (alignments F, t3, and H of 
Figure 5). 
In five cases, the Hough transform identifies alignments 
which consist of six or more aligned vents and do not 
correspond to significant orientations found using the two- 
point azimuth method (Table 2; Figure 5). Two of these are 
found in the NW part of the field within an elongate cluster 
(cluster 1). The two-point azimuth method minimizes the 
effect of cluster shape, and as a result any trend in this 
orientation is difficult to identify with the two-point method. 
Another such alignment is located in cluster 2 and has an 
azimuth of 020 ø . This alig ment consists of nine cones and 
transects the entire cluster. 
3. STRUCTURAL FEATURES AND VENT 
DISTRIBUTION PATrERNS 
Lavas of the SVF cap a thick sequence of sedimentary ocks 
of Permian to Cretaceous age that dip to the NNE at --•-0.5 ø 
[Condit et al., 1989] and form the Mogollon Slope, 
southernmost tectonic division of the COlorado Plateau 
[Kelley and Clinton, 1960]. This sedimentary sequence is 
ne rly flat lying and is e sentially und formed. The entire 
Mogollon Slope area around the SVF lacks the north striking 
normal faults characteristic of the western margin of the 
plateau [Wernicke and Axen, 1988], the northeast trending 
structures characteristic of the southwestern plateau 
[Shoemaker t al., 1978; Tanaka et al., 1986; Holm and Cloud, 
1990], or the pronounced north and northwest striking faults 
of he Mo mon volcanic field [Holm et al., 1989]. In the 
sedimentary exposures to the north of the SVF, with the 
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contributes	  fairly	  significantly	  to	  the	  relief	  of	  the	  SVF.	  	  Despite	  well	  data,	  which	  
indicates	  that	  lava	  thickness	  surpasses	  90	  m	  in	  the	  north-­‐central	  part	  of	  the	  field	  
and	  thicknesses	  of	  approximately	  300	  m	  in	  locales	  of	  high	  vent	  density,	  Cretaceous	  
sedimentary	  rocks	  outcrop	  in	  areas	  of	  high	  elevation.	  	  This	  indicates	  that	  these	  
sediments	  do	  indeed	  contribute	  largely	  to	  pre-­‐eruptive	  relief	  in	  the	  area	  (Crumpler	  
et	  al.,	  1994).	  
	   As	  previously	  stated,	  rates	  of	  eastward	  vent	  migration	  of	  approximately	  2.9	  
cm/yr	  seems	  to	  correlate	  with	  the	  westward	  movement	  of	  the	  North	  American	  
plate.	  	  This	  would	  imply	  a	  fixed	  mantle	  source	  of	  volcanism	  that	  remained	  stationary	  
throughout	  time.	  	  If	  this	  is	  the	  case,	  there	  are	  several	  possible	  explanations	  as	  to	  the	  
nature	  of	  this	  source.	  	  One	  option	  is	  a	  mantle	  plume,	  similar	  to	  the	  source	  of	  
volcanism	  in	  Hawaii.	  	  Other	  possibilities	  include	  the	  viscous	  heating	  of	  a	  lithospheric	  
bump	  or	  of	  a	  sublithospheric	  upwarp	  that	  intrudes	  the	  base	  of	  the	  lithosphere	  along	  
the	  Jemez	  linement.	  	  Clockwise	  rotation	  of	  the	  Colorado	  Plateau	  may	  have	  
encouraged	  the	  eastward	  propagation	  of	  sublithospheric	  fractures,	  which	  may	  have	  
facilitated	  volcanism.	  	  Also,	  the	  source	  of	  volcanism	  could	  be	  attributed	  to	  the	  
melting	  of	  sublithospheric	  mantle	  inhomogeneities	  due	  to	  increased	  regional	  heat	  
flow	  (Crumpler	  et	  al.,	  1994).	  
2.3	  Structural	  Influences	  
	   Several	  structural	  features	  have	  been	  identified	  in	  the	  SVF	  and	  appear	  to	  
have	  been	  active	  between	  1.3	  and	  0.9	  Ma	  as	  they	  offset	  lavas	  of	  that	  age.	  	  
Deformation	  occurs	  at	  a	  range	  of	  scales	  including	  regional	  topography,	  local	  faulting	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and	  folding	  of	  lava	  flows	  as	  well	  as	  vent	  alignments	  and	  clustering.	  	  The	  overarching	  
sense	  of	  deformation	  in	  the	  field	  is	  strike	  slip.	  	  This	  evidence	  for	  deformation	  is	  
important	  because	  it	  shows	  that	  tectonic	  deformation	  persisted,	  though	  on	  a	  small	  
scale,	  in	  the	  late	  Cenozoic	  (Crumpler	  et	  al.,	  1994).	  
	   Deformation	  in	  the	  SVF	  can	  be	  divided	  into	  three	  main	  zones,	  which	  are	  
defined	  by	  the	  topographic	  steps	  corresponding	  with	  three	  main	  fault	  zones-­‐the	  
Vernon,	  Concho	  and	  the	  Coyote	  Wash	  zones.	  	  Figure	  6	  shows	  the	  trace	  of	  the	  Vernon	  
and	  Concho	  Faults.	  	  The	  Vernon	  Fault	  zone	  defines	  the	  most	  prominent	  step	  in	  the	  
field.	  	  Within	  Mount	  Baldy	  lavas	  at	  the	  southeast	  end	  of	  the	  fault,	  the	  fault	  splays	  into	  
numerous	  normal	  faults	  that	  trend	  east-­‐west.	  	  To	  the	  north,	  within	  the	  SVF	  lavas,	  the	  
fault	  is	  manifested	  only	  as	  a	  slight	  rise.	  	  Even	  further	  to	  the	  northwest,	  direct	  
detection	  of	  the	  fault	  zone	  is	  difficult	  due	  to	  the	  dense	  forest	  and	  the	  large	  
abundance	  of	  cinder	  cones.	  	  However,	  outcrops	  of	  Mesozoic	  sedimentary	  rocks	  and	  
older	  basal	  basaltic	  units	  characterize	  the	  center	  of	  the	  scarp.	  	  Further	  along	  the	  
fault	  to	  the	  northwest,	  a	  pull-­‐apart	  basin,	  Laguna	  Salado,	  accommodates	  left	  lateral	  
shear.	  	  At	  the	  northwest	  end	  of	  the	  fault,	  older	  basalt	  units	  are	  displaced	  by	  multiple	  
normal	  faults	  that	  are	  oblique	  to	  the	  strike	  of	  the	  Vernon	  fault	  zone	  and	  were	  
formed	  as	  extensional	  Riedel	  fractures	  related	  to	  the	  left	  lateral	  shear	  (Crumpler	  et	  
al.,	  1994).	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Figure	  6:	  Aerial	  photographs	  displaying	  the	  Vernon	  and	  Concho	  faults	  
within	  the	  SVF.	  	  The	  top	  figure	  highlights	  the	  faults	  in	  red	  with	  
the	  Concho	  fault	  indicated	  by	  the	  top	  red	  line	  and	  the	  Vernon	  
fault	  indicated	  by	  the	  lower	  red	  line.	  	  The	  bottom	  plate	  is	  the	  
same	  photograph,	  only	  with	  the	  lines	  removed,	  where	  the	  
topographic	  affect	  of	  the	  faults	  can	  easily	  be	  seen.	  
	  
	  
	   Along	  the	  next	  topographic	  step	  to	  the	  north	  is	  the	  Concho	  fault.	  	  This	  fault	  is	  
important	  because	  it	  marks	  the	  northeast	  boundary	  for	  the	  majority	  of	  the	  vents	  in	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the	  field	  and	  therefore	  probably	  exerts	  an	  important	  structural	  control	  on	  vent	  
locations.	  	  The	  southeast	  end	  of	  the	  Concho	  fault	  is	  distinguished	  only	  by	  a	  low	  rise	  
while	  further	  to	  the	  northeast,	  deformation	  becomes	  much	  more	  obvious	  with	  a	  
series	  of	  fault	  scarps	  with	  normal	  fault	  displacement,	  tilted	  basalt	  benches	  and	  an	  
oblique	  1	  km	  long,	  gentle	  anticline.	  	  A	  deep	  graben	  is	  associated	  with	  the	  fault	  zone	  a	  
few	  kilometers	  southeast	  of	  the	  town	  of	  Concho.	  	  This	  graben	  appears	  to	  contain	  
basalt	  flows	  and	  cinder	  cones	  that	  have	  been	  dropped	  30	  m.	  	  Lavas	  deformed	  in	  this	  
area	  are	  at	  least	  0.7	  Ma	  but	  the	  fact	  that	  the	  slopes	  of	  the	  graben	  have	  been	  altered	  
very	  little	  by	  erosion	  suggests	  that	  faulting	  may	  actually	  be	  much	  younger	  than	  that	  
(Crumpler	  et	  al.,	  1994).	  
	   The	  Coyote	  Wash	  fault	  on	  the	  east	  and	  northeast	  side	  of	  the	  SVF	  differs	  from	  
the	  Vernon	  and	  Concho	  faults	  in	  that	  its	  normal	  faulting	  occurs	  in	  the	  opposite	  
direction	  and	  therefore	  produces	  a	  topographic	  step	  downwards	  to	  the	  southwest.	  	  
Displacement	  of	  at	  least	  10	  m	  occurs	  along	  the	  fault	  and	  slight	  monoclinal	  features	  
are	  present.	  	  However,	  much	  of	  this	  fault	  is	  obscured	  by	  extensive	  drainage	  patterns	  
developed	  throughout	  the	  area	  (Crumpler	  et	  al.,	  1994).	  
	   In	  general,	  the	  regional	  stresses	  in	  the	  SVF	  could	  be	  affected	  by	  several	  
things,	  including	  Basin	  and	  Range	  deformation,	  the	  opening	  of	  the	  Rio	  Grande	  Rift	  or	  
remaining	  structural	  features	  on	  the	  Mogollon	  Rim	  from	  the	  Laramide	  orogeny.	  	  
Even	  so,	  the	  deformation	  of	  the	  SVF	  is	  relatively	  straightforward.	  	  Along	  the	  
Mogollon	  Rim,	  northeast-­‐southwest	  extension,	  likely	  from	  the	  Basin	  and	  Range	  
extending	  and	  nearing	  the	  Colorado	  Plateau,	  can	  account	  for	  the	  normal,	  step-­‐like	  
faulting	  in	  the	  SVF.	  	  However,	  this	  could	  not	  create	  the	  sense	  of	  left-­‐lateral	  shear.	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Many	  have	  suggested	  that	  clockwise	  rotation	  of	  the	  Colorado	  Plateau	  could	  be	  
accommodated	  by	  strike	  slip	  displacement	  (Crumpler	  et	  al.,	  1994).	   	  
2.4	  Mantle	  Heterogeneity	  and	  Mantle	  Isotopic	  Reservoirs	  
	   Global	  mantle	  heterogeneity	  has	  been	  long	  studied	  and	  had	  been	  argued	  to	  
occur	  at	  scales	  anywhere	  from	  centimeter-­‐sized	  to	  over	  1000	  kilometers.	  	  Zindler	  
and	  Hart	  (1986)	  first	  proposed	  distinct	  mantle	  reservoirs	  on	  the	  basis	  of	  strontium,	  
neodymium	  and	  lead	  isotopic	  ratios	  of	  oceanic	  basalts.	  These	  reservoirs	  have	  
distinct	  isotopic	  and	  incompatible	  trace	  element	  signatures	  that	  make	  them	  unique	  
and	  identifiable	  (Zindler	  and	  Hart,	  1986).	  	  Distinct	  components	  include	  BSE	  (bulk	  
silicate	  Earth),	  DMM	  (depleted	  MORB	  mantle),	  PREMA	  (prevalent	  mantle),	  HIMU	  
(high	  U/Pb),	  as	  well	  as	  EMI	  and	  EMII	  (enriched	  mantle).	  The	  BSE	  reservoir	  (or	  
Primary	  Uniform	  Reservoir)	  represents	  the	  primitive,	  undifferentiated	  segment	  of	  
the	  silicate	  Earth	  formed	  during	  accretion;	  a	  reservoir	  that	  is	  questioned	  to	  have	  
survived	  to	  the	  present	  day.	  	  Evidence	  for	  its	  persistence	  today	  includes	  basalts	  with	  
Nd	  isotope	  ratios	  similar	  to	  chondrites	  as	  well	  as	  basalts	  with	  3He/4He	  ratios	  that	  
are	  substantially	  higher	  than	  atmospheric	  values.	  	  If	  it	  does	  still	  persist,	  the	  BSE	  
reservoir	  lies	  along	  the	  mixing	  line	  between	  the	  depleted	  mantle,	  DMM,	  and	  EMII	  
(Zindler	  and	  Hart,	  1986).	  	  Presumed	  to	  be	  the	  source	  of	  depleted	  Mid-­‐Ocean	  Ridge	  
basalts	  (N-­‐MORB),	  the	  DMM	  mantle	  reservoir	  has	  low	  87Sr/86Sr	  and	  high	  
143Nd/144Nd	  ratios	  (Winter	  2010).	  	  The	  prevalent	  mantle	  reservoir,	  or	  PREMA	  has	  
isotopic	  signatures	  between	  the	  BSE,	  DMM,	  HIMU	  and	  enriched	  (EMI	  and	  EMII)	  
reservoirs.	  	  It	  is	  unclear	  whether	  or	  not	  PREMA	  represents	  a	  mixture	  of	  all	  these	  
	   19	  
reservoirs	  or	  is	  a	  distinct	  reservoir	  (Zindler	  and	  Hart,	  1986).	  	  PREMA	  has	  87Sr/86Sr	  
ratios	  of	  approximately	  0.7033,	  144Nd/143Nd	  ratios	  less	  than	  0.5128,	  206Pb/204Pb	  of	  
18.2-­‐18.5	  and	  207Pb/204Pb	  of	  15.4-­‐15.5	  (Winter	  2010).	  	  Enriched	  in	  uranium,	  the	  
HIMU	  reservoir	  is	  ubiquitous	  in	  the	  mantle.	  	  Its	  uranium	  trends	  are	  not	  matched	  by	  
a	  similar	  increase	  in	  Rb/Sr,	  giving	  HIMU	  derived	  rocks	  a	  low	  87Sr/86Sr	  ratio.	  	  Low	  
radiogenic	  Sr	  suggests	  that	  the	  HIMU	  source	  may	  have	  evolved	  from	  DMM	  (Zindler	  
and	  Hart,	  1986).	  	  Enrichment	  trends	  seen	  in	  the	  enriched	  mantle	  components	  (EMI	  
and	  EMII)	  are	  likely	  due	  to	  a	  crustal	  or	  sediment	  input.	  	  This	  gives	  enriched	  mantle	  
rocks	  signatures	  of	  low	  206Pb/204Pb	  and	  87Sr/86Sr	  while	  having	  high	  207Pb/204Pb	  and	  
208Pb/204Pb	  (Hoffmann,	  1988).	  	  EMII	  has	  higher	  87Sr/86Sr,	  higher	  radiogenic	  lead	  and	  
often	  slightly	  higher	  143Nd/144Nd	  than	  EMI(Zindler	  and	  Hart,	  1986).	  
	   Areas	  of	  extensional	  tectonics	  provide	  an	  excellent	  opportunity	  to	  study	  
mantle	  contributions	  to	  continental	  volcanism	  provided	  there	  is	  no	  excessive	  crustal	  
contamination.	  	  Approximately	  50	  samples	  from	  the	  SVF	  have	  isotopic	  data,	  which	  
were	  used	  to	  study	  mantle	  reservoirs	  previously	  by	  Cooper	  and	  Hart	  (1990).	  	  It	  was	  
found	  that	  the	  lavas	  of	  the	  SVF	  exhibit	  an	  inverse	  correlation	  between	  87Sr/86Sr	  and	  
143Nd/144Nd	  ratios,	  which	  correlates	  with,	  or	  extends	  beyond	  the	  mantle	  array.	  	  This	  
requires	  some	  form	  of	  mixing	  between	  at	  least	  two	  distinct	  isotopic	  reservoirs.	  	  
Mixing	  of	  a	  component	  similar	  to	  PREMA	  with	  either	  EMII	  or	  a	  crustal	  component	  
could	  account	  for	  the	  trend.	  	  The	  possibility	  of	  mixing	  is	  also	  seen	  within	  the	  Pb-­‐Pb	  
isotopes,	  which	  exhibit	  a	  linear	  array.	  	  Both	  the	  206Pb/204Pb	  and	  207Pb/204Pb	  ratios	  
show	  positive	  correlations	  that	  trend	  beginning	  at	  a	  nonradiogenic	  end-­‐member	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similar	  to	  EMI	  or	  a	  crustal	  component	  and	  trending	  towards	  a	  radiogenic	  
component	  like	  that	  of	  HIMU	  (Cooper	  and	  Hart,	  1990).	  	  	  
All	  isotopic	  systems	  indicate	  at	  least	  two	  component	  mixing	  but	  also	  suggest	  
the	  addition	  of	  at	  least	  one	  additional	  component.	  	  They	  define	  a	  depleted	  reservoir,	  
M1,	  similar	  to	  a	  PREMA	  component,	  an	  enriched	  component,	  M2,	  similar	  to	  an	  EMI	  
reservoir,	  and	  an	  M3	  reservoir	  trending	  towards	  HIMU	  (Figure	  7).	  	  	  
	  
Figure	  7:	  Isotopic	  and	  trace	  element	  variations	  for	  SVF	  lavas	  from	  Cooper	  
and	  Hart	  (1990).	  
The	  tholeiitic	  lavas	  of	  the	  SVF	  show	  a	  wide	  range	  of	  trace	  elements	  that	  do	  
not	  correlate	  with	  isotopes,	  which	  suggests	  that,	  either	  an	  enriched	  mantle	  source	  or	  
crustal	  contamination	  of	  an	  M2	  component.	  	  It	  is	  also	  possible	  that	  M2	  represents	  a	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crustal	  reservoir	  that	  contaminates	  the	  mixing	  array	  of	  M1	  and	  M3,	  resulting	  in	  
transitional	  basalts.	  	  However,	  in	  this	  case,	  tholeiitic	  lavas	  would	  also	  be	  produced	  
by	  mixing	  of	  M1	  and	  M3	  but	  with	  contamination	  of	  another	  distinct	  crustal	  
component.	  	  The	  M1	  (PREMA)	  reservoir	  corresponds	  in	  composition	  with	  the	  alkalic	  
basalts	  and	  is	  believed	  to	  represent	  an	  asthenospheric	  mantle	  source.	  	  Residing	  at	  
shallower	  depths,	  the	  M2	  reservoir	  likely	  represents	  lithospheric	  mantle	  as	  
evidenced	  by	  chemical	  and	  isotopic	  data	  from	  xenoliths	  and	  other	  extrusive	  rocks	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CHAPTER	  3	  
YELLOW	  JACKET	  CIENEGA	  MAPPING	  
3.1	  Introduction	  
About	  85%	  (2280	  km2)	  of	  the	  SVF	  was	  previously	  mapped	  at	  a	  1:24,000	  scale	  
by	  Chris	  Condit,	  Larry	  Crumpler	  and	  Jayne	  Aubele	  between	  1978	  and	  1982.	  	  In	  the	  
summers	  of	  2010	  and	  2011,	  the	  remaining	  190	  km2	  of	  the	  SVF	  were	  mapped	  (Figure	  
8).	  	  See	  Appendix	  A	  for	  complete	  YJC	  area	  map.	  	  This	  area	  has	  been	  designated	  as	  the	  
Yellow	  Jacket	  Cienega	  (YJC)	  geographic	  subdivision	  after	  the	  cienega	  that	  bears	  its	  
name	  in	  the	  northern	  part	  of	  the	  area.	  	  
	  	  	  	  	  	   	  
Figure	  8:	  Areas	  of	  the	  YJC	  subdivision	  mapped	  in	  the	  summers	  of	  2010	  
and	  2011.	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3.2	  Sampling	  and	  Thin	  Section	  Preparation	  
During	  the	  field	  seasons	  of	  2010	  and	  2011,	  mapping	  was	  completed	  on	  a	  
1:24,000	  scale	  topographic	  map,	  resulting	  in	  the	  identification	  of	  37	  new	  flow	  units,	  
as	  well	  as	  either	  13	  barren	  cinder	  cones	  or	  cones	  with	  buried	  flows.	  	  From	  these	  
flows,	  47	  fist-­‐sized	  samples	  were	  selected	  for	  both	  hand	  samples	  and	  thin	  sections	  
to	  characterize	  their	  petrology.	  	  Clean	  rock	  chips	  were	  also	  collected	  at	  each	  sample	  
site	  to	  use	  for	  major	  and	  trace	  element	  analysis.	  
From	  the	  31	  samples	  collected	  in	  2010,	  15	  were	  cut	  into	  billets	  and	  made	  
into	  thin	  sections,	  8	  of	  which	  were	  high	  polished	  sections	  for	  SEM	  work.	  The	  
polished	  sections	  were	  coated	  with	  carbon	  and	  analyzed	  by	  Taylor	  Smith	  at	  
Middlebury	  College	  using	  a	  Zeiss	  DSM	  940A	  Scanning	  Election	  Microscope.	  	  Multiple	  
grains	  of	  olivine	  and	  pyroxene	  were	  analyzed	  in	  each	  sample	  and	  transects	  were	  
taken	  to	  assess	  zoning	  patterns.	  	  	  
All	  16	  samples	  collected	  in	  2011	  were	  made	  into	  standard	  30µm	  thick	  thin	  
sections	  at	  UMass	  Amherst.	  	  Billets	  were	  prepared	  then	  polished	  on	  one	  side	  up	  to	  
400-­‐800	  µm	  through	  trial	  and	  error	  to	  determine	  which	  grit	  would	  best	  allow	  the	  
billet	  to	  adhere	  to	  the	  slide.	  	  Epothin	  epoxy	  was	  used	  to	  glue	  the	  billet	  to	  the	  slide	  
and,	  after	  hardening,	  billets	  were	  cut	  and	  ground	  down	  to	  as	  close	  to	  30	  µm	  
thickness	  as	  possible.	  	  Ideally,	  then	  the	  ground	  sections	  were	  polished	  by	  hand	  on	  
glass	  plates	  up	  to	  1000	  µm	  grit.	  	  However,	  due	  to	  problems	  with	  plucking	  of	  grains	  
or	  removing	  of	  the	  section	  at	  the	  edges	  or	  around	  vesicles,	  some	  sections	  could	  only	  
be	  polished	  to	  600	  or	  800	  µm.	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3.3	  Determining	  Lithology	  
A	  first	  assessment	  at	  the	  lithology	  of	  the	  flows	  was	  made	  in	  the	  field	  but	  a	  
quantitative	  assignment	  of	  lithology	  was	  done	  by	  point	  counting	  thin	  sections.	  	  
Using	  an	  automatic	  stage	  point	  counter,	  phenocrysts	  of	  1/3mm	  size	  or	  larger	  were	  
counted	  on	  an	  interval	  of	  1/2mm.	  	  Counting	  ceased	  when	  the	  percentage	  of	  mineral	  
abundance	  changed	  by	  less	  than	  2%	  between	  25	  counts.	  	  Point	  counts	  allow	  for	  
flows	  to	  be	  designated	  with	  a	  specific	  letter	  indicating	  lithology.	  	  Condit	  (1999)	  
devised	  a	  lithologic	  letter	  scheme	  ranging	  from	  “a”(olivine-­‐pyroxene)	  to	  
“l”(feldspathic)	  becoming	  increasingly	  felsic	  from	  a	  to	  l,	  as	  well	  a	  	  “p”(pyroclastics	  
with	  indeterminate	  lithology).	  	  It	  is	  possibily	  that	  flows	  that	  fall	  within	  the	  quartz	  
basalt	  range	  may	  contain	  xenocrystic	  quartz.	  	  Flows	  are	  placed	  into	  a	  lithologic	  class	  
based	  on	  percentages	  of	  phenocrysts	  (Figure	  9).	  
	  
	  
Figure	  9:	  Lithologic	  classes	  as	  defined	  by	  Condit	  et	  al.	  (1999).	  	  Criteria	  for	  
each	  lithology	  is	  based	  on	  point	  counting	  data.	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Sample 810MC 811HC 813BB 816HC 819HC 820HC 823HC 824HC 
Unit Qlh8 Qyc5 Qyc3 Qyb2 Qyc2 Qyg2 Qyb3 Qyc4 
Lithology g c c b c g b c 
Olivine 5.1% 7.4% 6.3% 18.9% 8.6% 2.3% 11.4% 8.0% 
Plagioclase 21.7% 0.6% 0.6% 1.1% 0.0% 10.3% 0.0% 0.0% 
Pyroxene 0.0% 0.0% 0.0% 0.6% 1.1% 0.0% 0.6% 0.0% 
Hornblende 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
Opaques 0.0% 0.0% 0.0% 0.6% 0.0% 6.3% 1.1% 0.0% 
Vesicles 0.0% 2.9% 0.6% 0.6% 0.0% 0.6% 1.1% 1.1% 
Groundmass 73.1% 89.1% 92.6% 78.3% 90.3% 80.6% 85.7% 90.9% 
                  
Sample 829HC 832BB 833HC 834HC 837HC 840HC 841HC 842HC 
Unit Qya4 Qlg1 Qyg1 Qyg4 Qyg3 Qyg6 Qya1 Qyg4 
Lithology a d g g g g a g 
Olivine 8.0% 4.7% 17.7% 25.5% 20.0% 8.0% 13% 6.0% 
Plagioclase 1.7% 0.7% 16.6% 35.5% 23.5% 17.8% 15% 2.0% 
Pyroxene 11.4% 1.3% 1.1% 0.5% 1.5% 1.8% 2% 2.7% 
Hornblende 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0 0.0% 
Opaques 0.0% 0.0% 0.0% 1.5% 3.0% 0.5% 1% 0.0% 
Vesicles 4.6% 0.0% 1.1% 2.0% 8.5% 1.8% 3% 0.0% 
Groundmass 74.3% 93.3% 63.4% 35.0% 43.5% 70.0% 66% 89.3% 
                  
Sample 843HC 844HC 845HC 846HC 848GP 849GP 850GP 851HC 
Unit Qyf1 Qyk Qye1 Qye1 Qya2 Qye2 Qyg5 Qyc7 
Lithology f g e e a e g c 
Olivine 6.7% 2.6% 2.6% 4.0% 9.3% 10.6% 10.0% 6.3% 
Plagioclase 40.7% 6.6% 8.0% 4.6% 1.3% 11.3% 4.7% 1.7% 
Pyroxene 0.0% 0.6% 6.6% 8.6% 1.3% 4.6% 2.6% 1.7% 
Hornblende 0.0%   0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
Opaques 0.0% 4.0% 0.6% 0.0% 1.3% 0.0% 0.0% 0.0% 
Vesicles 0.0% 2.0% 2.7% 0.6% 4.0% 2.6% 20.6% 1.1% 
Groundmass 52.7% 84.0% 78.6% 82.0% 82.6% 70.6% 62.0% 89.1% 
                  





NFWR Qyc6 Qyf2 Qpc4       
Lithology h c c f c       
Olivine 1.7% 9.1% 6.3% 4.6% 2.0%       
Plagioclase 1.1% 4.5% 0.6% 26.6% 0.0%       
Pyroxene 1.7% 0.0% 2.2% 6.6% 1.3%       
Hornblende 0.0% 0.0% 0.0% 0.0% 0.0%       
Opaques 0.0% 0.0% 0.0% 0.0% 0.0%       
Vesicles 1.1% 2.2% 0.0% 1.3% 0.6%       
Groundmass 94.2% 84.0% 90.9% 60.6% 96.0%       
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Table	  1:	  Volume	  percentage	  of	  each	  mineral,	  vesicles	  and	  groundmass	  in	  
determined	  from	  point	  counting	  thin	  sections.	  	  Only	  minerals	  larger	  than	  1/3mm	  
were	  counted.	  	  Lithologic	  class	  was	  determined	  based	  on	  the	  criterion	  by	  Condit	  et	  
al.	  (1999)	  (Figure	  7).	  	  Data	  for	  samples	  810MC,	  811HC,	  813BB,	  816HC,	  819HC,	  
820HC,	  823HC,	  824HC,	  829HC,	  832HC,	  833HC,	  834HC,	  837HC,	  840MC	  and	  841HC	  
modified	  from	  Smith	  (2011).	  	  	  
	  
	  
The	  results	  of	  the	  point	  counting	  are	  shown	  in	  Table	  1.	  	  In	  terms	  of	  number	  of	  
units,	  including	  the	  data	  from	  point	  counting	  and	  visual	  estimates,	  as	  well	  as	  flows	  
from	  other	  geographic	  subdivisions	  that	  extend	  into	  the	  YJC	  area,	  olivine	  basalts	  (c)	  
are	  the	  most	  numerous,	  followed	  closely	  by	  olivine	  plagioclase	  (g)	  and	  aphyric	  
basalts	  (h)	  (Figure	  10).	  Assuming	  that	  this	  area	  is	  the	  youngest	  part	  of	  the	  field	  and	  
follows	  the	  trends	  observed	  in	  earlier	  studies	  (Condit	  et	  al.,	  1999),	  one	  would	  expect	  
there	  to	  be	  a	  large	  number	  of	  aphyric	  flows	  as	  well	  as	  other	  evolved	  rocks.	  	  
Considering	  the	  fact	  that	  some	  flows	  are	  much	  more	  voluminous	  than	  others,	  a	  
better	  way	  to	  assess	  the	  lithologic	  trends	  is	  by	  looking	  at	  the	  volume	  of	  each	  
lithology	  as	  inferred	  by	  flow	  area,	  assuming	  all	  the	  lithologies	  are	  similar	  in	  
thickness.	  	  Again,	  as	  shown	  in	  Figure	  11,	  the	  olivine	  plagioclase	  (h)	  type	  lithology	  is	  
dominant	  in	  the	  YJC	  area.	  	  	  See	  Appendix	  D	  for	  full	  descriptions	  of	  each	  thin	  section.	  
	  
	   27	  
	  
	  
Figure	  10:	  The	  number	  of	  units	  in	  the	  newly	  mapped	  YJC	  subdivision	  that	  
fall	  into	  each	  lithologic	  class.	  	  Data	  combines	  lithologies	  
classified	  by	  point	  counts	  and	  visual	  estimates,	  as	  well	  as	  flows	  
that	  originate	  from	  other	  geographic	  subdivisions	  but	  extend	  
into	  the	  YJC	  area.	  
	  
	  
Figure	  11:	  The	  total	  area	  of	  lavas	  of	  each	  lithology	  in	  the	  newly	  mapped	  
YJC	  subdivision.	  Data	  combines	  lithologies	  classified	  by	  point	  
counts	  and	  visual	  estimates,	  as	  well	  as	  flows	  that	  originate	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3.4	  Geochemistry	  
For	  chemical	  analysis,	  samples	  from	  2010	  were	  prepared	  and	  analyzed	  using	  
Inductively	  Coupled	  Plasma	  Argon	  Emission	  Spectrometry	  (ICP-­‐AES)	  at	  Middlebury	  
College.	  	  Samples	  were	  first	  cleaned	  and	  crushed	  in	  an	  alumina-­‐faced	  jaw	  crusher	  
then	  the	  chips	  were	  powdered	  in	  an	  alumina-­‐lined	  shatterbox.	  	  One	  gram	  of	  powder	  
from	  each	  sample	  was	  ignited	  at	  1000°C	  for	  15	  minutes	  to	  rid	  the	  sample	  of	  
volatiles.	  	  Approximately	  0.1g	  of	  that	  was	  then	  fused	  with	  1g	  of	  lithium	  metaborate	  
flux.	  	  This	  mixture	  was	  then	  heated	  for	  15	  minutes	  at	  1050°C	  then	  poured	  into	  a	  
beaker	  with	  5%	  HNO3	  until	  the	  sample	  dissolved.	  	  The	  solution	  was	  placed	  in	  a	  
100mL	  volumetric	  flask	  and	  diluted	  with	  5%	  HNO3	  until	  the	  total	  volume	  was	  
100mL.	  	  The	  final	  solution	  was	  filtered	  and	  used	  directly	  for	  geochemical	  analysis	  on	  
a	  Thermo	  Elemental	  IRIS	  1000	  DUO	  spectrometer.	  	  In	  addition	  to	  this,	  five	  grams	  of	  
each	  sample	  were	  sent	  to	  ACME	  Analytical	  Labs	  for	  additional	  data	  using	  Inductively	  
Coupled	  Argon	  Plasma	  Mass	  Spectrometry	  (ICP-­‐MS)	  (Smith,	  2011).	  
Samples	  from	  2011	  were	  prepared	  for	  analysis	  at	  UMass	  Amherst.	  	  The	  chips	  
were	  first	  broken	  then	  approximately	  70	  grams	  were	  placed	  into	  shatterbox	  to	  
powder	  the	  samples.	  	  Between	  uses	  the	  box	  was	  cleaned	  with	  acetone	  to	  avoid	  cross	  
contamination.	  	  	  Powdered	  samples	  were	  sent	  to	  ACME	  Analytical	  Labs	  and	  were	  
analyzed	  for	  major	  element	  chemistry	  by	  XRF.	  	  For	  trace	  element	  analysis,	  powders	  
for	  each	  sample	  were	  prepared	  for	  pressed	  pellets.	  	  Ten	  grams	  of	  powder	  was	  mixed	  
with	  10-­‐15g	  of	  a	  poly	  vinyl	  alcohol	  binder	  flux	  by	  adding	  it	  drop	  by	  drop	  until	  the	  
powder	  was	  able	  to	  adhere	  to	  itself.	  	  After	  placing	  the	  mixture	  under	  6	  tons	  of	  
pressure	  in	  a	  hydraulic	  press,	  creating	  a	  cohesive	  pellet,	  pellets	  were	  placed	  in	  a	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desiccating	  oven	  at	  60°C	  for	  at	  least	  3	  hours.	  	  Trace	  element	  analysis	  was	  run	  using	  
XRF	  at	  UMass	  Amherst.	  	  Complete	  geochemical	  data	  can	  be	  found	  in	  Appendix	  C.	  
	   Major	  element	  chemistry	  can	  first	  be	  useful	  to	  distinguish	  flows	  that	  are	  
alkalic	  versus	  those	  that	  are	  subalkalic.	  	  Units	  in	  the	  YJC	  area	  were	  expected	  to	  be	  
predominately	  alkalic	  if	  they	  follow	  the	  trends	  observed	  in	  the	  rest	  of	  the	  field	  
where	  flows	  become	  increasingly	  alkalic	  with	  decreasing	  age	  (See	  Figure	  12).	  	  When	  
total	  alkalis	  are	  plotted	  against	  SiO2,	  alkalic	  lavas	  are	  seen	  to	  be	  most	  prevalent	  in	  
the	  YJC	  area	  (See	  Figure	  13),	  confirming	  the	  suggested	  trend.	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Figure	  12:	  SiO2	  plotted	  against	  total	  alkalis	  for	  all	  samples	  collected	  from	  
the	  entire	  SVF	  before	  2010.	  	  The	  top	  graph	  (a)	  shows	  all	  
samples	  older	  than	  1.2Ma.	  	  Samples	  largely	  plot	  above	  the	  
dashed	  line	  based	  on	  Irvine	  and	  Barager	  (1971)	  and	  are	  thus	  
alkalic	  although	  18.6%	  are	  tholeiitic.	  	  The	  bottom	  graph	  (b)	  
plots	  all	  samples	  younger	  than	  1.2Ma	  and	  show	  a	  greater	  
number	  of	  alkalic	  samples	  with	  only	  8.6%	  tholeiitic.	  Figure	  
from	  Condit	  et	  al.	  1989.	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Figure	  13:	  Total	  alkalis	  plotted	  against	  SiO2	  for	  all	  the	  samples	  collected	  
in	  2010	  and	  2011.	  	  The	  majority	  of	  samples	  lie	  within	  the	  
alkalic	  range.	  Based	  off	  of	  Irvine	  and	  Baragar	  (1971).	  
	  
Using	  major	  element	  chemistry,	  units	  were	  placed	  into	  geochemical	  classes	  
by	  plotting	  them	  on	  a	  total	  alkali	  versus	  silica	  (TAS)	  diagram	  (Figure	  15).	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Figure	  14:	  Volcanic	  rock	  types	  distinguished	  on	  the	  basis	  of	  SiO2	  and	  total	  
alkalies	  (Winter,	  2010).	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Figure	  15:	  	  TAS	  diagram	  based	  on	  LeBas	  et	  al.	  (1986).	  	  All	  samples	  from	  
2010	  and	  2011	  are	  plotted	  and	  mostly	  fall	  in	  the	  range	  of	  
basalt,	  trachy-­‐basalt	  and	  basaltic	  trachy-­‐andesite.	  	  Flows	  that	  
fall	  in	  the	  categories	  of	  trachy-­‐basalt	  and	  basaltic	  trachy-­‐
andesite	  can	  also	  be	  further	  divided	  into	  hawaiite	  and	  
mugearite,	  respectively.	  	  The	  one	  flow	  that	  plots	  as	  trachy-­‐
andesite	  is	  believed	  to	  be	  a	  basal	  flow	  from	  Mount	  Baldy.	  
	  
Of	  the	  classified	  flows	  within	  the	  YJC	  area,	  hawaiite	  was	  the	  dominant	  geochemical	  
class	  (Figure	  16).	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Figure	  16:	  The	  area	  of	  geochemical	  classes	  of	  flows	  that	  were	  sampled	  in	  
the	  YJC	  subdivision.	  	  See	  Figure	  14	  for	  the	  percentage	  of	  each	  
class.	  
	  
Despite	  the	  fact	  that	  33.26	  km2	  (19.5%	  of	  the	  YJC	  area)	  were	  not	  
characterized	  geochemically	  and	  9.	  	  (5%	  of	  the	  YJC	  area)	  were	  unclassified	  vents,	  
these	  trends	  are	  probably	  fairly	  representative	  of	  the	  subdivision	  as	  a	  whole.	  	  The	  
remaining	  approximately	  18	  km2	  (9.5%)	  of	  the	  YJC	  area	  is	  alluvium	  covered	  and	  is	  
designated	  Qal	  (Quaternary	  Alluvium)	  on	  the	  map.	  	  	  
	   Completion	  of	  the	  YJC	  subdivision	  allows	  for	  complete	  geochemical	  
characterization	  of	  the	  whole	  field	  in	  general,	  and	  throughout	  time.	  	  
When	  comparing	  the	  whole	  field	  to	  just	  the	  YJC	  area,	  YJC	  contains	  no	  tholeiitic	  or	  
basanite	  flows,	  and	  instead	  hosts	  mostly	  more	  evolved	  alkalic	  lavas,	  which	  follow	  
trends	  seen	  in	  the	  field	  as	  a	  whole,	  in	  which	  the	  youngest	  area	  of	  the	  field	  mapped	  
predominately	  showed	  this	  pattern.	  	  As	  seen	  in	  Figure	  17	  and	  18,	  hawaiite,	  the	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either	  a	  spatial	  concentration	  of	  these	  lavas	  towards	  this	  south	  central	  location	  or	  a	  
temporal	  trend,	  becoming	  more	  prevalent	  in	  younger	  flows	  or	  both.	  
	  
	  
Figure	  17:	  The	  percent	  of	  area	  of	  each	  geochemical	  class	  in	  the	  Yellow	  
Jacket	  Cienega	  Subdivision.	  	  The	  differences	  can	  be	  seen	  
between	  the	  relative	  abundance	  of	  different	  geochemical	  
classes	  in	  the	  YJC	  area	  as	  opposed	  to	  the	  entire	  field	  when	  
compared	  to	  Figure	  18.	  
	  
	  
Percentage	  of	  Geochemical	  Classes	  for	  YJC	  Area	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Figure	  18:	  The	  percent	  of	  area	  of	  each	  geochemical	  class	  in	  the	  whole	  
field	  including	  the	  newly	  characterized	  YJC	  area	  
	  
Based	  on	  age,	  newly	  mapped	  units	  allow	  the	  complete	  definition	  of	  the	  five	  
age	  groups	  that	  Condit	  et	  al	  (1989)	  divided	  the	  field	  into.	  	  Starting	  with	  the	  oldest,	  
Group	  1	  flows	  range	  from	  9.0	  to	  2.14	  Ma,	  Group	  2	  from	  2.14	  to	  1.87	  Ma,	  Group	  3	  
from	  1.87	  to	  1.67	  Ma,	  Group	  4	  from	  1.67	  to	  0.97	  Ma	  and	  Group	  5	  from	  0.97	  to	  0.3	  
Ma.	  	  With	  the	  new	  flows	  from	  YJC	  added,	  the	  total	  area	  of	  lava	  erupted	  during	  the	  
time	  period	  of	  each	  group	  still	  follows	  the	  trends	  noted	  by	  Condit	  et	  al.	  (1989)	  
(Figure	  19).	  	  
Percentage	  of	  Geochemical	  Classes	  for	  the	  SVF	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Figure	  19:	  The	  total	  area	  of	  lava	  erupted	  during	  each	  group,	  as	  divided	  by	  
Condit	  et	  al.	  (1989),	  representing	  distinct	  time	  periods.	  	  Group	  
1	  represents	  the	  oldest	  flows	  before	  the	  main	  period	  of	  
eruption	  in	  the	  SVF	  and	  groups	  become	  progressively	  younger	  
until	  Group	  5,	  which	  represents	  the	  youngest	  flows.	  
	  
Condit	  et	  al.	  (1989)	  noted	  that	  the	  largest	  volume	  of	  eruptions	  occurred	  during	  the	  
time	  period	  of	  approximately	  1.67	  to	  0.97	  Ma,	  which	  corresponds	  with	  Group	  4,	  and	  
a	  steady	  decline	  thereafter.	  	  The	  YJC	  area	  is	  consistent	  with	  the	  trends	  noted	  for	  the	  
rest	  of	  the	  field,	  also	  in	  terms	  of	  the	  geochemical	  trends	  throughout	  time.	  	  Condit	  et	  
al.	  (1989)	  identified	  large	  volumes	  of	  tholeiites	  erupted	  from	  2.1	  to	  1.75	  Ma,	  large	  
outputs	  of	  alkali-­‐olivine	  basalt	  (AOB)	  from	  1.75	  to	  1	  Ma,	  and	  increasingly	  more	  
alkalic	  lavas	  from	  1	  to	  0.3	  Ma.	  	  Figure	  18,	  which	  plots	  the	  complete	  geochemical	  data	  
for	  the	  entire	  SVF,	  now	  including	  YJC,	  indicates	  that	  the	  majority	  of	  tholeiites	  were	  
erupted	  between	  1.87	  and	  1.67	  Ma	  (Group	  3).	  	  	  The	  subsequent	  time	  period,	  1.67	  to	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transitional	  lavas,	  as	  well	  as	  the	  majority	  of	  AOBs	  erupted.	  	  Group	  5	  lavas	  show	  
nearly	  exclusively	  alkalic	  products	  (Figure	  20).	  
	  
	  
Figure	  20:	  The	  area	  of	  each	  geochemical	  class	  erupted	  during	  each	  group	  
time	  period.	  
3.5	  Paleomagnetics	  	  
	   Basalts	  generally	  have	  a	  relatively	  high	  magnetic	  susceptibility	  of	  
approsimately	  2x10-­‐2	  SI	  depending	  on	  the	  amount	  of	  magnetic	  grains,	  largely	  
magnetite.	  	  The	  natural	  remnant	  magnetization	  (NRM)	  that	  is	  preserved	  in	  many	  
basalts	  is	  due	  to	  thermoremnent	  magnetism	  (TRM).	  	  TRM	  is	  the	  form	  of	  NRM	  found	  
in	  most	  igneous	  rocks	  and	  is	  due	  to	  cooling	  from	  above	  the	  Curie	  temperature	  
(622°C	  for	  iron	  oxide)	  for	  a	  while	  in	  a	  magnetic	  field.	  	  In	  basaltic	  rocks,	  this	  process	  
forms	  the	  primary	  NRM.	  	  A	  secondary	  NRM	  can	  be	  acquired	  after	  the	  rock	  has	  
















Group	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However,	  this	  secondary	  NRM	  can	  often	  be	  removed	  by	  demagnetization	  with	  either	  
a	  thermal	  demagnetizer	  or	  an	  alternating	  field	  demagnetizer	  (Butler,	  1992).	  	  
In	  the	  YJC	  subdivision,	  most	  major	  flows	  were	  drilled	  except	  when	  a	  suitable	  
in-­‐place	  outcrop	  couldn’t	  be	  found.	  	  Drilling	  was	  done	  using	  a	  modified	  chain	  saw	  
with	  an	  attached	  diamond	  drill	  bit.	  Water	  was	  pumped	  through	  the	  drill	  bit	  to	  
prevent	  overheating	  by	  attaching	  a	  manual	  pump	  sprayer.	  	  Drilling	  sites	  were	  
selected	  in	  convincingly	  in-­‐place	  outcrops.	  	  Lightening	  strikes	  are	  prevalent	  in	  this	  
area	  and	  can	  disturb	  the	  magnetic	  orientation	  preserved	  within	  the	  basalts	  so	  
frequently	  a	  magnetic	  compass	  was	  placed	  near	  an	  outcrop	  before	  drilling	  to	  ensure	  
that	  the	  amount	  of	  deflection	  wasn’t	  too	  large.	  	  In	  general,	  eight	  cores	  were	  drilled	  at	  
each	  site.	  	  Cores	  that	  broke	  off	  were	  reoriented	  as	  best	  possible.	  	  A	  sun	  compass,	  
which	  measures	  the	  sun	  azimuth	  and	  the	  hade,	  was	  used	  to	  obtain	  the	  orientation	  of	  
each	  core.	  	  Knowing	  the	  date,	  time	  of	  day	  and	  exact	  location,	  the	  orientation	  of	  the	  
core	  can	  be	  calculated	  from	  the	  sun	  compass	  data.	  
The	  cores	  were	  cut	  to	  one	  inch	  in	  length	  and	  analyzed	  in	  the	  paleomagnetics	  
lab.	  Initial	  magnetic	  orientations	  were	  measured	  in	  the	  cryogenic	  magnetometer.	  	  
This	  magnetometer	  is	  cooled	  by	  liquid	  helium	  circulating	  through	  its	  
superconducting	  elements,	  which	  keeps	  it	  at	  a	  temperature	  of	  approximately	  4K.	  	  
When	  the	  slightly	  magnetized	  basalt	  core	  is	  placed	  in	  the	  magnetometer,	  it	  induces	  a	  
current,	  which	  can	  then	  be	  measured.	  	  The	  magnetometer	  measures	  the	  three	  
components	  (x,	  y	  and	  z	  or	  N-­‐S,	  E-­‐W,	  and	  vertical)	  of	  the	  magnetic	  orientation.	  	  From	  
these	  three	  components,	  inclination	  and	  declination,	  as	  well	  as	  the	  magnitude,	  are	  
calculated	  automatically	  in	  the	  computer	  program	  PAquire.	  	  The	  declination	  is	  the	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angle	  between	  north	  and	  the	  horizontal	  component	  of	  the	  magnetic	  vector	  while	  the	  
inclination	  can	  be	  found	  by	  measuring	  the	  angle	  from	  the	  horizontal	  component	  to	  
the	  magnetic	  vector.	  
	   Because	  some	  time	  has	  passed	  since	  these	  lavas	  were	  erupted,	  it	  is	  possible	  
that	  they	  have	  acquired	  some	  secondary	  NRM.	  	  In	  order	  to	  remove	  this	  signal,	  an	  
alternating-­‐field	  demagnetizer	  was	  used.	  	  This	  instrument	  produces	  an	  alternating	  
magnetic	  field,	  which	  decays	  off	  through	  each	  cycle.	  	  By	  spinning	  the	  cores	  randomly	  
within	  this	  field,	  the	  overprinted	  secondary	  NRM	  signals	  will	  slowly	  be	  removed,	  
leaving	  the	  primary	  NRM,	  albeit	  with	  a	  smaller	  magnitude	  with	  each	  successive	  
demagnetization	  step.	  	  The	  cores	  from	  each	  site	  were	  demagnetized	  over	  several	  
steps,	  including	  field	  strengths	  of	  2.5mT,	  5mT,	  10mT,	  15mT,	  20mT,	  30mT,	  40mT,	  
50mT,	  60mT,	  80mT	  and	  99mT.	  	  After	  each	  step,	  the	  magnetic	  orientation	  was	  
subsequently	  measured	  in	  the	  cryogenic	  magnetometer.	  
3.6	  Paleomagnetic	  Results	  
	   A	  total	  of	  38	  paleomagnetic	  sites	  were	  drilled	  in	  2010	  and	  2011.	  	  	  See	  
Appendix	  E	  for	  complete	  paleomagnetic	  data.	  	  Magnetic	  polarity	  is	  very	  useful	  in	  the	  
SVF	  for	  putting	  eruptive	  units	  into	  a	  timescale.	  	  Stratigraphic	  information	  is	  sought	  
out	  in	  the	  field	  to	  determine	  relative	  relationships,	  which	  are	  then	  constrained	  
largely	  by	  paleomagnetic	  data.	  	  Times	  of	  magnetic	  reversals	  are	  fairly	  well	  known,	  
with	  the	  exception	  of	  minor	  excursions.	  Thirty	  K-­‐Ar	  age	  dates	  in	  the	  SVF,	  obtained	  in	  
the	  1980s,	  provide	  quantitative	  bounds	  with	  which	  to	  anchor	  the	  relative	  age	  data.	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   In	  the	  YJC	  area	  of	  the	  sites	  that	  were	  drilled	  for	  paleomagnetics,	  22	  of	  the	  
sites	  are	  of	  normal	  magnetic	  polarity,	  11	  are	  reversed	  polarity	  and	  5	  had	  
inconclusive	  paleomagnetic	  data.	  	  From	  the	  data,	  a	  correlation	  chart	  was	  made	  
showing	  the	  relative	  age	  placement	  among	  all	  the	  flows	  (Figure	  21).	  The	  correlation	  
lines	  connecting	  flows	  indicate	  an	  observable	  stratigraphic	  relationship	  that	  was	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Figure	  21:	  The	  correlation	  chart	  for	  the	  YJC	  subdivision.	  	  The	  
magnetopolarity	  time	  scale	  is	  indicated	  on	  the	  right	  side	  of	  the	  
chart	  with	  ages	  listed	  in	  millions	  of	  years.	  	  The	  green	  areas	  of	  
the	  time	  scale	  indicate	  normal	  polarity	  while	  the	  red	  areas	  
represent	  reversed	  polarity.	  	  Correlation	  lines	  connecting	  flows	  
indicate	  an	  observed	  overlying	  or	  underlying	  relationship	  in	  
the	  field.	  	  Boxes	  surrounding	  unit	  names	  that	  have	  a	  diagonal	  
pattern	  to	  the	  upper	  right	  symbolize	  a	  flow	  with	  normal	  
paleomagnetic	  data	  while	  those	  with	  a	  diagonal	  pattern	  to	  the	  
upper	  left	  have	  a	  reversed	  paleomagnetic	  signature.	  	  Boxes	  
with	  no	  pattern	  indicate	  that	  there	  is	  no	  paleomagnetic	  data	  for	  
that	  unit.	  	  Flows	  that	  were	  named	  in	  adjacent	  subdivisions	  and	  
extend	  into	  the	  YJC	  area	  are	  also	  included	  as	  well	  as	  flows	  from	  
other	  subdivisions	  with	  radiometric	  age	  dates	  that	  can	  be	  
correlated	  with	  YJC	  flows.	  	  	  
	  
	  
	   Flows	  are	  constrained	  in	  time	  by	  30	  pre-­‐existing	  K-­‐Ar	  age	  dates	  from	  the	  
surrounding	  geographical	  subdivisions	  (See	  Table	  2).	  	  These	  ages	  were	  largely	  
collected	  in	  the	  1980s	  and	  although	  the	  new	  paleomagnetic	  data	  gives	  rise	  to	  
questions	  regarding	  the	  accuracy	  of	  the	  dates,	  these	  dates	  are	  necessary	  to	  place	  all	  
the	  flows	  into	  an	  approximate	  temporal	  timescale.	  	  A	  recent	  GSA	  grant	  received	  in	  
2012	  will	  provide	  funding	  for	  six	  40Ar/39Ar	  age	  dates	  of	  samples	  in	  the	  YJC	  
subdivision	  in	  the	  future.	  	  Analyses	  will	  be	  done	  in	  the	  Rare	  Gas	  Geochronology	  Lab	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Table	  2:	  Compiled	  K-­‐Ar	  age	  dates	  for	  various	  units	  in	  the	  SVF.	  	  Table	  from	  Condit	  
and	  Connor	  (1996).	  
3.7	  Dynamic	  Digital	  Map	  
Completed	  mapping	  from	  the	  SVF	  is	  compiled	  into	  a	  Dynamic	  Digital	  Map	  
(DDM).	  	  Developed	  by	  Condit	  (1995),	  the	  DDM	  contains	  four	  maps	  of	  the	  SVF	  
denoting	  lithology,	  age,	  geochemistry	  and	  magnetopolarity.	  	  Also	  data	  including	  
chemistry	  for	  sample	  sites,	  descriptions	  about	  each	  unit	  and	  photos	  can	  be	  found	  in	  
the	  DDM.	  	  Data	  for	  each	  unit	  is	  compiled	  into	  a	  unit	  description,	  which	  contains	  
summaries	  of	  all	  information	  about	  the	  lithology,	  surface	  morphology,	  thickness,	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age,	  paleomagnetic	  data,	  sample	  numbers	  and	  geochemical	  data.	  	  Unit	  descriptions	  
can	  be	  seen	  in	  Appendix	  B.	  
	   46	  
CHAPTER	  4	  
PETROGENESIS	  
4.1	  Magma	  Source	  
For	  the	  YJC	  area	  lavas	  collected	  in	  2010,	  the	  rare	  earth	  element	  pattern	  
shows	  relative	  depletion	  of	  the	  heavy	  rare	  earth	  elements	  (HREEs)	  (Figure	  22).	  
Because	  garnet	  preferentially	  incorporates	  HREEs	  this	  suggests	  that	  either	  garnet	  
was	  fractionated	  or,	  alternatively,	  the	  source	  of	  the	  initial	  melt	  may	  have	  retained	  
unmelted	  garnet.	  	  
	  
Figure	  22:	  Chondrite	  normalized	  REE	  plot	  for	  the	  32	  samples	  collected	  in	  
2010	  (Smith	  2011).	  These	  samples	  show	  enrichment	  in	  LREEs	  
and	  relative	  depletion	  in	  HREEs.	  
Different	  lherzolite	  sources	  were	  tested	  using	  the	  melting	  model	  of	  Norman	  and	  
Garcia	  (1999)	  and	  the	  source	  was	  determined	  to	  probably	  be	  garnet	  lherzolite	  
comprised	  roughly	  of	  3.5%	  garnet,	  10%	  clinopyroxene	  and	  86.5%	  olivine	  and	  
orthopyroxene.	  	  By	  using	  the	  melting	  model,	  the	  value	  of	  trace	  and	  rare	  earth	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elements	  can	  be	  calculated	  for	  varying	  degrees	  of	  partial	  melting	  of	  a	  garnet	  
lherzolite	  by	  calculating	  values	  based	  on	  the	  bulk	  diffusion	  coefficient	  for	  each	  
element	  within	  the	  source	  rock.	  	  The	  melting	  models	  must	  be	  compared	  to	  primary	  
magmas	  that	  haven’t	  undergone	  fractional	  crystallization.	  	  Primary	  magmas	  were	  
inferred	  by	  adding	  back	  olivine	  to	  mafic	  samples	  until	  an	  assumed	  normal	  mantle	  
compostion	  of	  an	  Mg#	  of	  0.9	  was	  achieved.	  	  This	  depends	  on	  olivine	  being	  the	  only	  
fractionating	  phase	  which	  is	  corrected	  for	  by	  using	  only	  samples	  with	  over	  9	  wt%	  
MgO	  and	  testing	  them	  in	  pMELTs	  as	  discussed	  below	  in	  section	  4.2.	  	  Because	  
potassium	  and	  titanium	  behave	  incompatibly	  in	  olivine,	  the	  ratio	  of	  those	  elements	  
between	  the	  calculated	  primary	  magma	  and	  the	  samples	  chemistry	  was	  calculated	  
and	  that	  ratio	  was	  used	  to	  calculate	  the	  hypothetical	  trace	  element	  abundance	  in	  a	  
primary	  magma.	  	  Only	  7	  samples	  determined	  that	  be	  on	  an	  olivine	  control	  trend	  had	  
data	  for	  all	  the	  trace	  elements	  in	  the	  melting	  model	  and	  were	  used	  in	  this	  analysis.	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Figure	  23:	  Trace	  elements	  and	  REEs	  for	  inferred	  primary	  magma	  
compositions	  of	  samples	  in	  the	  SVF	  as	  compared	  to	  varying	  
percentages	  of	  partial	  melting	  of	  a	  garnet	  lherzolite	  souce	  
(represented	  as	  black	  lines)	  normalized	  to	  chondrite	  values	  of	  
McDonough	  and	  Sun	  (1995).	  
From	  comparing	  calculated	  element	  values	  to	  the	  data	  from	  the	  SVF	  (Figure	  23)	  
these	  lavas	  are	  likely	  derived	  from	  partial	  melting	  of	  a	  garnet	  lherzolite	  source.	  	  
However,	  this	  composition	  of	  garnet	  lherzolite	  has	  a	  higher	  clinopyroxene	  to	  garnet	  
ratio	  then	  a	  typical	  garnet	  lherzolite	  and	  could	  possibly	  indicate	  melting	  occurring	  
over	  a	  range	  of	  pressures,	  beginning	  in	  the	  garnet	  stability	  field	  and	  continuing	  
through	  shallower	  depths.	  	  The	  relative	  enrichment	  of	  the	  inferred	  primary	  
compositions	  in	  the	  more	  incompatible	  elements	  could	  be	  due	  to	  crustal	  
contamination.	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4.2	  Thermobarometry	  
Based	  on	  major	  element	  analysis,	  the	  pressure	  and	  temperature	  of	  melting	  
were	  estimated	  using	  a	  technique	  based	  on	  silica	  activity	  that	  was	  used	  by	  Lee	  et	  al.	  
(2009).	  	  Silica	  is	  buffered	  at	  a	  specific	  temperature	  and	  pressure	  by	  the	  mineral	  
assemblage	  of	  the	  system,	  which	  makes	  it	  more	  widely	  useful	  as	  a	  
thermobarometer.	  	  For	  a	  typical	  ultramafic	  mantle,	  the	  SiO2	  activity	  relates	  largely	  
to	  the	  reaction:	  
Mg2SiO4Ol+SiO2melt=Mg2Si2O6opx.	  	  
Therefore	  the	  equilibrium	  constant	  for	  a	  given	  temperature	  and	  pressure	  is:	  
K(T,P)=aMg2Si2O6opx/aMg2SiO4Ol+aSiO2.	  	  	  
Over	  the	  range	  of	  normal	  mantle	  compositions,	  the	  Mg/Mg+Fe	  ratios	  are	  fairly	  
similar	  for	  olivine	  and	  orthopyroxene	  so	  the	  ratio	  aMg2Si2O6opx/aMg2SiO4Ol	  is	  
relatively	  constant,	  meaning	  that	  K	  inversely	  depends	  on	  silica	  activity	  (K≈1/a	  
SiO2melt	  ),	  therefore,	  silica	  activity	  is	  buffered	  by	  the	  temperature	  and	  pressure	  over	  
a	  range	  of	  compositions	  (Lee	  et	  al.,	  2009).	  
	   The	  chemical	  composition	  of	  the	  magma	  is	  expressed	  in	  terms	  of	  mol%	  of	  
molecular	  species,	  rather	  than	  wt%	  of	  metal	  oxides,	  which	  allows	  better	  insight	  into	  
the	  effects	  of	  molecular	  species	  that	  have	  lower	  molecular	  weights	  than	  metal	  
oxides.	  	  The	  silica	  activity	  is	  then	  approximated	  by	  the	  “silica	  index”	  which	  can	  be	  
calculated	  as:	  
Si4O8=0.25(SiO2-­‐0.5(FeO+MgO+CaO)-­‐Na2O-­‐K2O).	  	  	  
The	  temperature	  of	  melting	  can	  then	  be	  calculated	  using	  the	  following	  equation:	  	  
T(°C)=916.45+13.68(Mg3Si2O8)+(4580/Si4O8)-­‐0.509(H16O8)(Mg4Si2O8).	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The	  temperature	  (in	  degrees	  Kelvin),	  can	  be	  substituted	  into	  the	  experimentally	  
derived	  equation	  for	  pressure:	  	  
P(GPa)=(ln(Si4O8)-­‐4.019+0.0165(Fe4Si2O8)+0.005(Ca4Si2O8))/(-­‐770T-­‐1+0.0058T1/2-­‐
0.003(H16O8))	  	  
where	  Si4O8,	  Fe4Si2O8,	  Ca4Si2O8	  and	  H16O8	  are	  the	  mol%	  of	  these	  species	  in	  the	  liquid.	  	  
To	  successfully	  utilize	  these	  equations	  however,	  knowledge	  of	  the	  primary	  magma	  
composition	  (the	  composition	  of	  the	  magma	  when	  it	  was	  last	  in	  equilibrium	  with	  the	  
mantle)	  is	  necessary.	  	  Since	  all	  magmas	  have	  undergone	  some	  degree	  of	  
fractionation	  before	  being	  erupted,	  the	  primary	  magma	  must	  be	  inferred	  by	  
reversing	  the	  fractionation	  process	  (Lee	  et	  al.,	  2009).	  
This	  method	  depends	  on	  having	  only	  olivine	  as	  a	  fractionating	  phase,	  so	  only	  
the	  most	  mafic	  samples,	  those	  with	  over	  9	  wt	  %	  MgO,	  were	  used.	  	  To	  test	  if	  the	  127	  
samples	  with	  over	  9	  wt%	  MgO	  are	  on	  an	  olivine	  control	  trend,	  they	  were	  run	  in	  
pMELTs	  (Ghiorso	  et	  al.,	  2002),	  a	  high	  pressure	  version	  of	  MELTs,	  to	  see	  what	  the	  
first	  fractionating	  phase	  was.	  	  MELTs	  is	  a	  thermodynamic	  modeling	  program	  
developed	  by	  Ghiorso,	  Sack	  and	  Asimow	  (1995,	  1998)	  which	  works	  by	  minimizing	  
Gibbs	  Free	  Energy	  to	  see	  what	  phases	  are	  stable	  at	  a	  given	  pressure	  and	  
temperature.	  The	  oxygen	  buffer	  chosen	  for	  these	  models	  was	  Ni-­‐NiO,	  which	  is	  often	  
useful	  for	  modeling	  continental	  basalts	  like	  the	  SVF.	  	  	  Trials	  were	  also	  run	  using	  the	  
QFM	  buffer	  and	  the	  results	  did	  not	  vary	  dramatically	  from	  those	  using	  the	  Ni-­‐NiO	  
buffer	  so	  all	  the	  results	  were	  created	  using	  Ni-­‐NiO.	  	  The	  option	  to	  fractionate	  solids	  
was	  used	  in	  order	  to	  see	  which	  phases	  would	  first	  crystallize	  and	  fractionate	  out.	  	  
The	  116	  samples	  presumed	  to	  be	  on	  an	  olivine	  trend	  control	  were	  run	  in	  the	  excel	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spreadsheet	  developed	  by	  Lee	  et	  al.	  (2009)	  to	  complete	  the	  calculations	  for	  pressure	  
and	  temperature	  of	  melting	  after	  inputting	  major	  element	  chemistry	  data.	  	  The	  
spreadsheet	  first	  calculates	  a	  primary	  magma	  by	  adding	  back	  olivine	  until	  the	  
composition	  reaches	  an	  Mg#	  of	  0.9,	  which	  is	  assumed	  to	  be	  the	  mantle	  composition.	  	  
Then,	  from	  the	  primary	  magma	  composition,	  the	  equations	  previously	  mentioned	  
are	  solved	  for	  pressure	  and	  temperature.	  	  Of	  the	  total	  amount	  of	  samples	  for	  the	  
whole	  field,	  116	  were	  used	  for	  pressure/temperature	  calculations.	  	  Temperatures	  
range	  from	  1444°C	  to	  1583°C	  and	  Figure	  24	  shows	  the	  amount	  of	  samples	  falling	  
within	  25	  degree	  C	  increments	  of	  temperature.	  	  The	  majority	  of	  calculated	  
temperatures	  fall	  within	  the	  range	  of	  1500-­‐1525C.	  	  	  
	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	   	  
Figure	  24:	  The	  number	  of	  samples	  calculated	  by	  the	  method	  of	  Lee	  et	  al.	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The	  pressures	  calculated	  range	  from	  2.21	  to	  4.39	  GPa,	  which	  corresponds	  to	  depths	  
of	  roughly	  75km	  to	  130	  km	  (See	  Appendix	  G	  for	  list	  of	  all	  temperatures	  and	  
pressures	  calculated).	  The	  majority	  originate	  from	  pressures	  of	  approximately	  3.25-­‐
3.5	  GPa	  (roughly	  107-­‐115	  km	  depth),	  corresponding	  with	  depths	  likely	  close	  to	  the	  
asthenosphere-­‐lithosphere	  boundary	  (See	  Figure	  25).	  
	  	  	  	  	  	  	  
	  	  	  	  	  	  	   	  
Figure	  25:	  The	  number	  of	  flows	  with	  pressures	  calculated	  by	  the	  method	  
of	  Lee	  et	  al.	  (2009)	  falling	  within	  0.25GPa	  increments.	  
	  
It	  is	  important	  to	  note	  that	  the	  pressures	  and	  temperatures	  calculated	  by	  the	  
method	  of	  Lee	  et	  al.	  (2009)	  are	  approximate	  and	  based	  on	  several	  assumptions.	  	  
First,	  that	  olivine	  is	  the	  only	  fractionating	  phase	  and	  second	  that	  the	  normal	  mantle	  
composition	  has	  an	  Mg#	  of	  0.9.	  	  The	  use	  of	  samples	  over	  9	  wt%	  MgO	  gives	  a	  higher	  
probability	  that	  they	  only	  are	  fractionating	  olivine,	  but	  this	  is	  not	  necesarily	  the	  case	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rocks.	  	  If	  plagioclase	  is	  crystallizing,	  the	  calculated	  temperature	  and	  pressure	  would	  
be	  erroneously	  high	  due	  to	  an	  over-­‐estimate	  of	  SiO2	  and	  MgO.	  	  The	  opposite	  is	  true	  if	  
clinopyroxene	  is	  a	  crystallizing	  phase,	  as	  SiO2	  would	  be	  underestimated	  while	  MgO	  
is	  overestimated	  causing	  lower	  pressures	  and	  higher	  temperature	  to	  be	  calculated.	  	  
As	  noted	  previously,	  testing	  to	  determine	  if	  the	  samples	  are	  along	  an	  olivine	  control	  
trend	  in	  pMELTS	  likely	  alleviates	  some	  of	  this	  problem.	  	  If	  the	  mantle	  is	  not	  Mg	  
#=0.9,	  errors	  could	  also	  arise	  in	  the	  calculations.	  	  Normal	  mantle	  residuum	  over	  Mg	  
#	  0.9	  means	  that	  temperatures	  and	  pressures	  are	  underestimated	  while	  if	  the	  
mantle	  composition	  was	  actually	  Mg	  #	  0.89,	  calculations	  would	  prove	  to	  be	  higher	  
than	  true	  values	  (Lee	  et	  al.,	  2009).	  	  Therefore,	  the	  values	  calculated	  are	  good	  first	  
order	  approximations	  of	  temperatures	  and	  pressures	  but	  should	  not	  be	  take	  as	  
absolute.	  
4.3	  Mantle	  Reservoirs	  
	   As	  previously	  discussed,	  Cooper	  and	  Hart	  (1990)	  suggested	  that	  two,	  if	  not	  
more,	  distinct	  mantle	  isotopic	  reservoirs	  contributed	  to	  SVF	  lavas	  which	  they	  
denote	  M1,	  M2	  and	  M3	  (Figure	  7).	  	  In	  the	  absence	  of	  isotopic	  data	  for	  the	  samples	  
collected	  in	  2010	  and	  2011,	  data	  from	  previously	  collected	  samples,	  representing	  
most	  areas	  of	  the	  field,	  were	  used	  (See	  Appendix	  F).	  	  When	  plotted	  and	  compared	  to	  
known	  isotopic	  reservoirs,	  all	  isotopic	  indicators	  seem	  to	  suggest	  that	  the	  data	  lie	  
close	  to	  and	  extending	  from	  the	  PREMA	  reservoir	  (Figures	  26-­‐29).	  	  PREMA’s	  high	  
prevalence	  around	  the	  world	  does	  not	  make	  it	  a	  surprising	  source	  of	  SVF	  lavas	  and	  
it	  agrees	  with	  the	  M1	  reservoir	  denoted	  by	  Cooper	  and	  Hart	  (1990).	  	  However,	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Cooper	  and	  Hart	  also	  suggested	  an	  interplay	  of	  an	  EMI	  type	  reservoir	  (M2)	  and	  
another	  reservoir	  trending	  towards	  HIMU	  (M3).	  	  It	  could	  be	  argued	  perhaps	  that	  the	  
data	  points	  in	  Figures	  26-­‐29	  trend	  very	  slightly	  towards	  HIMU	  but	  seem	  to	  be	  more	  
contained	  around	  the	  areas	  of	  PREMA	  with	  an	  input	  of	  enriched	  mantle	  components	  
(EMI	  and/or	  EMII).	  	  	  The	  PREMA	  reservoir	  is	  presumed	  to	  be	  located	  in	  the	  
asthenosphere	  (Cooper	  and	  Hart	  1990)	  and	  is	  likely	  coincident	  in	  depth	  with	  the	  
calcutions	  of	  intial	  melting	  at	  approximately	  107-­‐115	  km.	  
	  
Figure	  26:	  206Pb/204Pb	  plotted	  against	  143Nd/144Nd.	  	  Data	  from	  SVF	  lavas	  
are	  plotted	  as	  blue	  circles	  and	  it	  can	  be	  seen	  how	  they	  compare	  
to	  inferred	  mantle	  reservoirs.	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Figure	  27:	  206Pb/204Pb	  plotted	  against	  87Sr/86Sr.	  	  Data	  from	  SVF	  lavas	  are	  
plotted	  as	  blue	  circles	  and	  it	  can	  be	  seen	  how	  they	  compare	  to	  
inferred	  mantle	  reservoirs.	  	  	  
	  
Figure	  28:	  206Pb/204Pb	  plotted	  against	  207Pb/204Pb.	  	  Data	  from	  SVF	  lavas	  
are	  plotted	  as	  blue	  circles	  and	  it	  can	  be	  seen	  how	  they	  compare	  
to	  inferred	  mantle	  reservoirs.	  	  	  
EMII
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Figure	  29:	  87Sr/86Sr	  plotted	  against	  143Nd/144Nd.	  	  Data	  from	  SVF	  lavas	  are	  
plotted	  as	  blue	  circles	  and	  it	  can	  be	  seen	  how	  they	  compare	  to	  
inferred	  mantle	  reservoirs.	  
	  
The	  input	  may	  instead	  be	  crustal	  as	  magmas	  may	  spend	  time	  in	  one	  of	  two	  distinct	  
crustal	  chambers,	  as	  suggested	  by	  Putirka	  and	  Condit	  (2003)	  and,	  or	  as	  the	  magmas	  
rise	  through	  the	  continental	  crust	  before	  eruption.	  	  Putirka	  and	  Condit	  (2003)	  
calculated	  P-­‐T	  conditions	  for	  the	  field	  using	  clinopyroxene-­‐whole-­‐rock	  pairs.	  	  From	  
this,	  they	  determined	  that	  there	  were	  two	  main	  depth	  ranges	  in	  which	  
crystallization	  occurred,	  0-­‐12	  km	  (less	  that	  3	  kbars)	  and	  23-­‐30	  km	  (approximately	  
7-­‐9	  kbars)	  (See	  Figure	  30)	  which	  were	  areas	  where	  crustal	  contamination	  could	  
have	  occurred.	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Figure	  30:	  Pressures	  and	  temperatures	  of	  crystallization	  for	  122	  
clinopyroxene	  phenocrysts	  (A).	  	  The	  bottom	  frame	  (B)	  shows	  
the	  same	  data	  but	  with	  pressures	  converted	  to	  values	  of	  depth	  
(km).	  	  Figure	  from	  Putirka	  and	  Condit	  (2003).	  
	  
Crustal	  contamination	  is	  not	  supported	  by	  the	  negative	  Rb-­‐K	  anomalies	  
present	  in	  SVF	  (Figure	  31)	  lavas	  as	  well	  as	  relatively	  low	  K2O/P2O5	  values	  (Smith	  
2011).	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Figure	  31:	  Chondrite	  normalized	  Spider	  diagram	  for	  all	  samples	  in	  the	  YJC	  
subdivision	  in	  2010.	  	  Chondrite	  values	  from	  McDonough	  and	  
Sun	  (1995).	  	  Image	  from	  Smith	  (2011).	  
	  
However,	  there	  are	  some	  samples	  that	  show	  a	  larger	  crustal	  influence;	  these	  
seem	  to	  be	  related	  to	  different	  structural	  features	  causing	  different	  paths	  of	  ascent	  
through	  the	  crust	  (Smith	  2011).	  	  Also,	  lower	  crustal	  contamination	  could	  possibly	  
account	  for	  the	  relatively	  low	  in	  Rb	  and	  K	  signature	  compared	  to	  the	  upper	  crust	  
(Taylor	  and	  McLennan	  1985).	  This	  could	  account	  for	  the	  low	  number	  of	  samples	  
showing	  patterns	  of	  enrichment	  and	  supports	  the	  idea	  of	  a	  PREMA	  reservoir	  being	  
occasionally	  contaminated.	  
The	  limited	  amount	  of	  isotopic	  data	  currently	  available	  in	  the	  SVF	  may	  be	  a	  
limiting	  factor	  in	  determining	  these	  reservoirs.	  	  There	  are	  39	  samples	  with	  Pb	  data,	  
55	  with	  Sr	  isotope	  data	  and	  20	  with	  Nd	  data,	  leaving	  a	  total	  of	  61	  samples	  that	  are	  
characterized	  by	  at	  least	  one	  isotopic	  ratio.	  	  The	  lack	  of	  several	  different	  isotopes	  for	  
some	  of	  these	  samples	  limits	  their	  usefulness	  in	  assessing	  their	  reservoir	  of	  origin.	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Also,	  these	  samples	  represent	  a	  limited	  number	  of	  flows	  within	  the	  SVF,	  and	  while	  
they	  may	  have	  been	  thought	  of	  as	  representative	  of	  the	  whole	  field,	  this	  work	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CHAPTER	  5	  
COMPARATIVE	  PLANETARY	  PAPER	  
Abstract	  
The	  Springerville	  Volcanic	  Field	  (SVF),	  located	  in	  east-­‐central	  Arizona,	  is	  one	  
of	  the	  best-­‐characterized	  monogenetic	  volcanic	  fields	  in	  the	  world.	  	  Basalt	  
dominates	  the	  surface	  on	  all	  known	  terrestrial-­‐like	  planets,	  with	  cinder	  cone-­‐lava	  
flows	  as	  a	  ubiquitous	  occurrence.	  	  Active	  training	  of	  astronauts	  in	  mapping	  basalts	  is	  
occurring	  as	  part	  of	  NASA’s	  Desert	  Research	  and	  Technology	  Studies	  (RATS)	  
program,	  in	  part	  as	  recognition	  of	  the	  need	  to	  incorporate	  a	  rigorous	  geologic	  
background	  into	  the	  program.	  	  Much	  planetary	  mapping	  is	  done	  remotely	  with	  
increasingly	  high	  resolution	  (to	  25	  cm)	  images,	  which	  can	  be	  greatly	  enhanced	  when	  
compared	  to	  results	  from	  a	  well-­‐studied	  analog	  that	  has	  been	  mapped	  in	  detail.	  	  A	  
recent	  mapping	  effort	  the	  SVF	  in	  2010	  and	  2011	  resulted	  in	  the	  completion	  of	  
mapping	  of	  the	  field.	  	  The	  final	  dataset	  for	  the	  SVF	  thus	  represents	  a	  unique	  
resource,	  useful	  not	  only	  in	  studying	  the	  petrogenetic	  evolution	  of	  this	  field,	  but	  in	  
serving	  as	  a	  template	  for	  comparing	  similar	  volcanic	  fields.	  	  	  
5.1	  Introduction	  to	  the	  Springerville	  Volcanic	  Field	  and	  Magmatic	  Mapping	  
The	  Springerville	  Volcanic	  Field	  (SVF)	  is	  the	  southernmost	  of	  several	  late	  
Pliocene	  to	  Holocene	  volcanic	  fields	  along	  the	  margin	  of	  the	  Colorado	  Plateau	  
(Condit	  et	  al.,	  1999).	  This	  monogenetic	  volcanic	  field,	  located	  in	  east-­‐central	  Arizona,	  
overlies	  the	  lithospheric	  transition	  zone	  between	  the	  Colorado	  Plateau	  and	  the	  
Basin	  and	  Range	  Province	  (Condit	  and	  Connor,	  1996).	  	  It	  encompasses	  an	  area	  of	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over	  3000	  km2	  and	  consists	  of	  over	  450	  pyroclastic	  vents	  that	  produced	  mainly	  
basaltic	  flows	  between	  2.1	  and	  0.3	  Ma.	  
	  
Figure	  32:	  The	  location	  of	  the	  SVF	  and	  other	  volcanic	  fields	  along	  the	  
margin	  of	  the	  Colorado	  Plateau	  (Connor	  et	  al.,	  1992).	  
	  
Approximately	  85%,	  or	  2280	  km2,	  of	  the	  SVF	  was	  mapped	  by	  Chris	  Condit,	  
Larry	  Crumpler	  and	  Jayne	  Aubele	  between	  1978	  and	  1982.	  	  Recent	  mapping	  in	  2010	  
and	  2011	  completed	  the	  final,	  south-­‐central	  portion	  of	  the	  SVF	  in	  the	  Yellow	  Jacket	  
Cienega	  (YJC)	  geographic	  subdivision,	  resulting	  in	  a	  completely	  characterized	  field.	  	  
The	  style	  of	  systematic,	  detailed	  mapping	  used	  in	  the	  SVF,	  termed	  “magmatic	  
mapping”	  by	  Condit,	  is	  a	  useful	  tool	  for	  mapping	  basaltic	  volcanic	  fields.	  	  With	  new	  
high	  resolution	  imaging	  available	  from	  planetary	  bodies,	  such	  as	  HiRISE	  on	  Mars	  
with	  resolution	  to	  approximately	  25cm	  (McEwen	  et	  al.,	  2007),	  planetary	  mapping	  
now	  has	  the	  capability	  to	  be	  very	  accurate.	  	  With	  the	  capability	  comes	  the	  need	  for	  a	  
template	  on	  Earth.	  	  With	  basaltic	  volcanism	  being	  ubiquitous	  on	  all	  studied	  
extraterrestrial	  bodies,	  the	  SVF	  is	  an	  obvious	  choice	  as	  a	  measuring	  stick.	  	  Also,	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many	  continental	  volcanic	  fields,	  including	  those	  within	  close	  proximity	  to	  large	  
population	  centers	  such	  as	  Mexico	  City	  or	  the	  Eifel	  fields	  of	  Germany,	  are	  currently	  
active,	  but	  have	  recurrence	  rates	  that	  are	  too	  long	  to	  study	  in	  real	  time.	  	  Predictions	  
of	  future	  eruptions	  are	  dependant	  on	  studies	  of	  past	  eruptions,	  such	  as	  in	  the	  SVF,	  
where	  the	  lifespan	  of	  a	  continental	  volcanic	  field	  is	  documented	  from	  start	  to	  finish.	  
The	  intent	  of	  this	  paper	  is	  to	  first	  discuss	  the	  methodology	  used	  in	  the	  
“magmatic	  mapping”	  of	  the	  SVF	  so	  that	  it	  can	  be	  applied	  in	  other	  settings.	  The	  
mapping	  and	  the	  data	  derived	  from	  it	  represent	  a	  template	  that	  may	  be	  used	  to	  
compare	  the	  characteristics	  of	  continental	  and	  planetary	  volcanic	  fields.	  For	  less	  
accessible	  basaltic	  volcanic	  fields,	  the	  detailed	  results	  of	  the	  SVF	  can	  serve	  as	  a	  guide	  
to	  interpreting	  remote	  sensing	  or	  limited	  data	  and	  help	  determine	  necessity	  for	  
further	  study	  (i.e.	  locating	  targets	  for	  extra	  vehicular	  activities	  (EVAs)	  to	  verify	  
contacts	  and	  for	  sampling	  on	  rover	  missions).	  
5.2	  Methods	  of	  Magmatic	  Mapping	  
	   Magmatic	  mapping	  focuses	  on	  the	  differentiation	  of	  each	  distinct	  lava	  flow,	  
which	  represents	  a	  separate	  volcanic	  product	  produced	  at	  a	  single	  moment	  in	  time.	  
The	  techniques	  and	  organizational	  framework	  of	  magmatic	  mapping,	  devised	  
largely	  by	  Chris	  Condit,	  Larry	  Crumpler	  and	  Jane	  Aubele	  under	  the	  tutelage	  of	  Ed	  
Wolfe	  and	  George	  Ulrich	  of	  the	  USGS,	  are	  based	  on	  organizing	  the	  data	  as	  products	  
or	  parts	  of	  distinct	  volcanic	  units.	  Condit	  and	  Connor	  (1996)	  defined	  a	  unit	  as	  “an	  
assemblage	  of	  volcanic	  products	  having	  internal	  stratigraphic	  features	  that	  indicate	  
cogenetic	  origin	  and	  eruption	  from	  a	  common	  vent”.	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5.2.1	  Identifying	  Units	  
A	  unit	  is	  defined	  in	  the	  field	  based	  on	  a	  number	  of	  characteristics,	  including	  
most	  importantly	  flow	  mineralogy	  or	  lithology,	  largely	  on	  the	  basis	  of	  visible	  
phenocrysts,	  which	  is	  generally	  those	  that	  are	  larger	  than	  1/3mm.	  	  Other	  distinctive	  
features	  include	  groundmass	  texture,	  and	  other	  morphological	  characteristics.	  
These	  include	  flow	  surface	  roughness	  or	  morphology	  (rarely	  in	  these	  older	  flows,	  
expressed	  as	  a'a'	  or	  pahoehoe),	  flow	  surface	  weathering,	  thickness	  of	  soil	  
development,	  among	  numerous	  qualities.	  	  Some	  flows	  display	  distinct	  trends,	  such	  
as	  a	  hummocky	  surface,	  throughout.	  The	  integrity	  of	  a	  unit	  can	  be	  confirmed	  using	  
geochemical	  or	  paleomagnetic	  data.	  	  
	  
5.2.2	  Mapping	  Units	   	  
Mapping	  consists	  largely	  of	  walking	  flow	  edges,	  verifying	  lithologic	  content	  
and	  monitoring	  for	  variability.	  	  Commonly	  there	  is	  consistent	  variability	  from	  distal	  
to	  proximal	  ends	  of	  flows,	  with	  either	  increasing	  or	  decreasing	  phenocryst	  content.	  	  
In	  some	  cases,	  flows	  are	  classified	  as	  composite	  units	  because	  flow-­‐lobes	  contain	  
mixed	  lithologies	  that	  could	  not	  be	  broken	  out	  as	  discrete	  units	  because	  of	  either	  
poor	  outcrop	  exposure,	  increased	  soil	  development	  or	  other	  complicating	  factors.	  	  
Within	  the	  SVF,	  of	  the	  515	  units	  identified,	  56	  of	  them	  are	  classified	  as	  composite	  
flows	  and	  twelve	  of	  those	  contain	  more	  than	  one	  lithology.	  	  Two	  prime	  
considerations	  in	  determining	  flow	  edge	  contacts	  include	  selecting	  representative	  
samples	  and	  locating	  in-­‐place	  flow	  edges	  that	  might	  qualify	  as	  paleomagnetic	  
sample	  sites.	  	  One	  of	  our	  key	  goals	  is	  to	  elucidate	  any	  geometric	  indicators	  to	  locate	  
	   64	  
the	  origin	  of	  petrologic	  products.	  	  Thus	  we	  focused	  on	  reliably	  determining	  the	  vent	  
locations	  for	  flow	  units.	  
Our	  mapping	  techniques	  included	  the	  transfer	  of	  flow	  edges	  to	  topographic	  
maps,	  resulting	  in	  closed	  polygons	  that	  define	  both	  lava	  flow	  edges	  and	  the	  
distribution	  of	  the	  pyroclastic	  (cinder	  cone)	  vent	  deposits	  of	  a	  given	  flow.	  	  
Comparing	  lithologies	  of	  vent	  products	  to	  flows	  in	  the	  SVF	  is	  often	  problematical,	  
unless	  a	  flow-­‐rich	  spatter	  containing	  distinct	  lithologies	  is	  present.	  	  Thus	  flow	  
geometry	  is	  often	  used	  to	  provide	  the	  link	  to	  vent	  locations.	  	  Complicating	  this	  is	  the	  
fact	  that	  flow	  edges	  and	  contacts	  are	  commonly	  obscured	  around	  vents	  resulting	  
from	  the	  collapse	  of	  cinders	  from	  oversteepened	  cones.	  	  In	  the	  SVF,	  where	  we	  
correlate	  cinder	  cones	  to	  flow	  units,	  we	  include	  the	  pyroclastics	  as	  part	  of	  the	  flow	  
unit	  and	  separate	  out	  the	  cone	  as	  different	  material	  by	  drawing	  a	  line	  around	  the	  
cone	  at	  the	  topographic	  break	  around	  the	  base	  of	  the	  cone.	  	  In	  some	  cases,	  vents	  are	  
destroyed	  in	  the	  process	  of	  eruption	  or	  buried	  by	  a	  subsequent	  lava	  flow	  so	  and	  the	  
vent	  is	  no	  longer	  present.	  	  
5.2.3	  Spatial	  Organization	  
Monogenetic	  volcanic	  fields,	  and	  the	  SVF	  in	  particular,	  typically	  are	  
comprised	  of	  a	  large	  number	  of	  flow	  fields.	  	  To	  capture	  these	  in	  an	  organized	  
framework	  that	  includes	  both	  a	  spatial	  and	  temporal	  component,	  we	  first	  organized	  
our	  unit	  nomenclature	  geographically.	  	  When	  the	  mapping	  was	  compiled,	  what	  fell	  
out	  was	  a	  recognition	  that	  we	  had	  a	  severe	  case	  of	  blob	  geology	  and	  that	  within	  
discrete	  areas	  we	  had	  fairly	  complete	  stratigraphic	  relationships.	  	  The	  blobs	  are	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joined	  by	  underlying	  basal	  flows,	  a	  factor	  that	  is	  especially	  evident	  in	  the	  peripheral	  
parts	  of	  the	  field.	  	  These	  blobs	  are	  designated	  as	  geographic	  subdivisions;	  there	  are	  
twenty-­‐one	  subdivisions	  in	  the	  SVF,	  all	  named	  for	  a	  geographic	  feature	  within	  the	  
area.	  	  Flows	  that	  originated	  within	  that	  area	  are	  designated	  with	  the	  first	  letter	  of	  
that	  subdivision	  (Figure	  33).	  
	  
	   	  
a-­‐Antelope	  Mountain	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   m-­‐Morgan	  Mountain	  
b-­‐Blue	  Ridge	  Mountain	   	   	   n-­‐North	  Fork	  White	  River	  
c-­‐Cerro	  Hueco	   	   	   	   o-­‐Ortega	  Sink	  
d-­‐Dead	  Horse	  Draw	   	   	   	   p-­‐	  Pole	  Knoll	  
e-­‐Ecks	  Mountain	   	   	   	   r-­‐Richville	  
g-­‐Greens	  Peak	   	   	   	   s-­‐Show	  Low	  
h-­‐Haystack	  Mountain	   	   	   u-­‐Udall	  Range	  
i-­‐Iris	  Spring	   	   	   	   	   v-­‐Vernon	  
j-­‐Juan	  Garcia	   	   	   	   	   w-­‐White	  Lakes	  Basin	  
k-­‐Knolls	   	   	   	   	   y-­‐Yellow	  Jacket	  Cienega	  
l-­‐Lake	  Mountain	  
	  
Figure	  33:	  Map	  showing	  the	  area	  of	  the	  SVF	  with	  geographic	  subdivisions.	  	  
The	  letters	  on	  the	  map	  correspond	  with	  the	  name	  of	  the	  
subdivision	  and	  are	  listed	  below	  the	  map.	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5.2.4	  Distilling	  Magmatic	  Moments	  in	  Time	  
	   In	  the	  SVF,	  we	  have	  combined	  basalt	  stratigraphy	  with	  the	  magnetopolarity	  
data	  of	  flows,	  as	  well	  as	  select	  radiometric	  ages	  to	  constrain	  units	  in	  time.	  	  Based	  on	  
these	  factors,	  the	  units	  are	  placed	  into	  the	  chronological	  framework	  of	  a	  correlation	  








Figure	  34:	  A	  portion	  of	  the	  geologic	  map	  for	  the	  Morgan	  Mountain	  area	  of	  
the	  SVF.	  	  Map	  units	  are	  colored	  by	  lithologic	  type	  as	  indicated	  
in	  the	  explanation.	  	  Figure	  from	  Condit	  and	  Connor	  1996.	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and 2.00 ± 0.11 Ma in the Morgan Mountain area. Elsewhere in the
Springerville volcanic field, K-Ar dates on the composite QTsf lavas indi-
cate slightly younger ages (Table 1). Thus, this unit is assigned a mean es-
timated age of 1.95 ± 0.13 Ma, based on radiometric age determinations
and rock magnetic polarity. Qme erupted at 0.49 ± 0.03 Ma. In addition,
two intermediate units in the Morgan Mountain area were dated radiomet-
rically, and seven units were sampled for magnetic polarity.
These age data are used to estimate the permissible age range for each
flow in the Morgan Mountain area. For example, unit Qmc4 directly over-
lies QTsf, underlies Qme, and is reversely polarized. No other stratigraphic
information definitively bounds the age of this unit, and it may have formed
at any time between 1.95 and 0.73 Ma, with the exception of during the
Jaramillo and Olduvai normal-polarity subchrons (Fig. 4). Parenthetically,
lavas upslope of Qmc4 vent V9313 indicate that an additional Qmc4 vent
must be present but buried beneath Qme or Qmb6; this inferred vent is not
included in the analysis. Unit Qmb4 is reversely polarized, also overlies
QTsf and underlies both Qmh and Qmg. Units Qmb4, Qmh, and Qmg are
all overlain by Qmb6, which is dated at 1.01 ± 0.02 Ma (Fig. 4). Each of
these units (Qmb4, Qmh, and Qmg ) may have erupted between 1.95 ± 0.13
and 1.01 ± 0.02 Ma. However, differences in soil development at the con-
tact, and flow-surface morphology, indicate that Qmb4 is considerably older
than either Qmh or Qmg. By using these geologic criteria, Qmb4 is as-
Figure 3. Simplified geologic map of part of the Springerville volcanic field (mapped by L. S. Crumpler, from Condit et al., in press), show-
ing examples of vent relations to volcanic events. Vent V9525A, in lower-right corner, is the source for three distinct lava flows (Qjh3, Qjh5, and
Qjh6) and a final, lithologically distinct spatter unit (Qjl3); thus the vent is the site of four mappable volcanic events. In contrast, unit Qjc3 (cen-
ter, left) has three vents (V9523, V9514A, and V9514C), all of which are distinct vents (and thus events) yet have similar age assignments. All
other vents represent single eruptive events, two of which (V9514B, unit Qjl2, and V9512B, unit Qjp1) have no associated flows. Paleomagnetic
and geochemical sample sites not shown. Topography is from 1:100 000 scale map.
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and 2.00 ± 0.11 Ma in the Morgan Mountain area. Elsewhere in the
Springerville volcanic field, K-Ar dates on the composite QTsf lavas indi-
cate slightly younger ages (Table 1). Thus, this unit is assigned a mean es-
timated age of 1.95 ± 0.13 Ma, based on radiometric age determinations
and rock magnetic polarity. Qme erupted at 0.49 ± 0.03 Ma. In addition,
two intermediate units in the Morgan Mountain area were dated radiomet-
rically, and seven units were sampled for magnetic polarity.
These age data are used to estimate the permissible age range for each
flow in the Morgan Mountain area. For example, unit Qmc4 directly over-
lies QTsf, underlies Qme, and is reversely polarized. No other stratigraphic
information definitively bounds the age of this unit, and it may have formed
at any time between 1.95 and 0.73 Ma, with the exception of during the
Jaramillo and Olduvai normal-polarity subchrons (Fig. 4). Parenthetically,
lavas upslope of Qmc4 vent V9313 indicate that an additional Qmc4 vent
must be present but buried beneath Qme or Qmb6; this inferred vent is not
included in the analysis. Unit Qmb4 is reversely polarized, also overlies
QTsf and underlies both Qmh and Qmg. Units Qmb4, Qmh, and Qmg are
all overlain by Qmb6, which is dated at 1.01 ± 0.02 Ma (Fig. 4). Each of
these units (Qmb4, Qmh, and Qmg ) may have erupted between 1.95 ± 0.13
and 1.01 ± 0.02 Ma. However, differences in soil development at the con-
tact, and flow-surface morphology, indicate that Qmb4 is considerably older
than either Qmh or Qmg. By using these geologic criteria, Qmb4 is as-
Figure 3. Simplified geologic map of part of the Springerville volcanic field (mapped by L. S. Crumpler, from Condit et al., in press), show-
ing examples of vent relations to volcanic events. Vent V9525A, in lower-right corner, is the source for three distinct lava flows (Qjh3, Qjh5, and
Qjh6) and a final, lithologically distinct spatter unit (Qjl3); thus the vent is the site of four mappable volcanic events. In contrast, unit Qjc3 (cen-
ter, left) has three vents (V9523, V9514A, and V9514C), all of which are distinct vents (and thus events) yet have similar a e assignments. All
other vents represent single eruptive events, two of which (V9514B, unit Qjl2, and V9512B, unit Qjp1) have no associated flows. Paleomagnetic
and geochemical sample sites not shown. Topography is from 1:100 000 scale map.
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Figure	  35:	  Correlation	  chart	  shown	  stratigraphic	  relations	  in	  the	  Morgan	  
Mountain	  subdivision,	  revised	  from	  Condit	  and	  Connor	  (1996).	  	  
Boxes	  are	  colored	  based	  on	  lithologic	  class	  (see	  explanation	  in	  
Figure	  33).	  	  Details	  of	  the	  correlation	  chart	  are	  explained	  
below.	  
	  
Boxes	  represent	  map	  units	  on	  the	  chart.	  	  Ideally,	  because	  flows	  may	  have	  erupted	  
over	  a	  period	  of	  time,	  boxes	  are	  placed	  in	  the	  center	  of	  the	  probable	  time	  range	  of	  
eruption.	  	  Flows	  with	  radiometric	  age	  dates	  are	  placed	  at	  the	  appropriate	  time	  and	  
anchor	  other	  units	  with	  overlying	  or	  underlying	  relationships	  in	  time.	  	  The	  vertical	  
lines	  next	  to	  the	  boxes	  of	  dated	  units	  indicate	  the	  one-­‐sigma	  error	  in	  the	  date.	  	  Also	  
used	  for	  properly	  placing	  units,	  the	  magneto-­‐polarity	  timescale	  is	  shown	  on	  the	  side	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of	  the	  figure,	  indicating	  periods	  of	  reversed	  and	  normal	  polarity.	  	  Basalt	  flows	  
ideally	  preserve	  the	  polarity	  at	  the	  time	  of	  eruption	  and	  can	  thus	  be	  placed	  in	  the	  
time	  period	  of	  corresponding	  polarity.	  	  Line	  patterns	  in	  the	  boxes	  indicate	  the	  
magnetopolarity	  of	  the	  unit.	  	  Diagonal	  lines	  sloping	  up	  to	  the	  right	  indicate	  normal	  
polarity	  while	  lines	  that	  slope	  up	  to	  the	  left	  signify	  units	  with	  reversed	  polarity.	  	  
Field-­‐defined	  stratigraphic	  relations	  are	  shown	  by	  lines	  connecting	  the	  boxes,	  with	  
the	  underlying	  unit	  found	  below	  the	  connecting	  overlying	  unit,	  as	  reflected	  in	  the	  
unit	  description	  in	  Appendix	  B.	  
5.2.5	  Naming	  Flows	  
	   As	  an	  identifying	  feature,	  units	  are	  given	  a	  preliminary	  designation	  initially,	  
while	  in	  the	  field.	  	  After	  field	  work	  was	  completed,	  flows	  were	  given	  a	  permanent	  
name	  based	  on	  their	  location,	  lithology	  and	  age.	  
5.2.5.1	  Vent	  and	  Flow	  Identification	  
Flows	  and	  vents	  are	  given	  a	  preliminary	  designation	  based	  on	  their	  location.	  
Four	  digit	  numbers	  are	  first	  assigned	  to	  vents	  on	  the	  basis	  of	  their	  locations	  which	  
uniquely	  identify	  the	  township,	  range,	  and	  section	  in	  which	  the	  vent	  is	  located	  
(Figure	  35).	  Flows	  traced	  to	  a	  source	  vent	  bear	  the	  vent	  number	  with	  the	  prefix	  "f"	  
instead	  of	  “V”,	  which	  is	  reserved	  for	  vents.	  	  For	  example,	  Green’s	  Peak,	  the	  highest	  
cinder	  cone	  in	  the	  field	  is	  designated	  V8611A.	  	  If	  there	  is	  more	  than	  one	  vent	  in	  the	  
same	  township,	  range	  and	  section,	  then	  the	  letters	  A,	  B,	  etc.	  are	  added	  to	  the	  end	  to	  
designate	  multiple	  vents.	  If	  there	  is	  no	  identified	  vent,	  the	  location	  of	  the	  highest	  
point	  of	  the	  flow	  is	  used	  to	  create	  the	  identifying	  number	  for	  the	  flow	  and	  in	  this	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case,	  the	  flow	  number	  starts	  with	  an	  upper	  case	  “F”	  followed	  by	  the	  number.	  	  These	  
vent	  and	  flow	  designations	  remain	  in	  the	  description	  of	  map	  units	  and	  are	  also	  
included	  on	  maps,	  along	  with	  a	  more	  refined	  name	  (see	  below).	  This	  convention	  is	  
useful	  in	  the	  SVF	  and	  other	  flows	  with	  Township	  and	  Range	  grids.	  	  For	  areas	  without	  
them	  we	  recommend	  using	  the	  last	  (right	  most)	  three	  numbers	  corresponding	  to	  
the	  northing	  location	  followed	  by	  the	  last	  three	  numbers	  of	  the	  easting	  location,	  
which	  corresponds	  to	  a	  square	  kilometer	  blocked	  off	  by	  the	  northing	  and	  easting.	  	  
For	  example,	  using	  UTM	  naming,	  Green’s	  Peak	  would	  be	  V775631	  with	  a	  
corresponding	  flow	  f775631.	  	  The	  advantage	  of	  assigning	  vent	  and	  flow	  numbers	  as	  
soon	  as	  a	  polygon	  is	  completed	  in	  the	  mapping	  process	  is	  that	  is	  provides	  a	  ready	  
nomenclature	  for	  field	  notes	  and	  these	  numbers	  can	  be	  retained	  on	  the	  map	  after	  
units	  are	  assigned	  a	  litho-­‐stratigraphic	  name	  (see	  section	  5.2.5.2).	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Figure	  36:	  Map	  of	  the	  SVF	  area	  with	  township	  indicated	  on	  the	  vertical	  
axis,	  range	  on	  the	  horizontal	  axis	  and	  the	  section	  number	  in	  
each	  box.	  
5.2.5.2	  Litho-­‐stratigraphic	  Nomenclature	  
Units	  are	  given	  a	  litho-­‐stratigraphic	  name	  based	  on	  a	  three	  letter	  naming	  
convention	  devised	  by	  Condit	  (1991)	  and	  Condit	  et	  al.	  (1999).	  	  The	  first	  letter	  is	  
representative	  of	  the	  age	  of	  the	  flow;	  most	  flows	  in	  the	  SVF	  are	  given	  either	  a	  Q	  
indicating	  that	  they	  are	  Quaternary	  in	  age	  or	  Tertiary	  aged	  flows	  are	  given	  a	  T	  or	  QT	  
in	  cases	  where	  units	  span	  the	  age	  ranges.	  	  The	  second	  letter	  indicates	  the	  geographic	  
subdivision	  (See	  Figure	  32).	  The	  third	  is	  the	  letter	  of	  the	  lithologic	  class.	  	  A	  
petrographic	  examination	  of	  all	  major	  units	  was	  performed	  to	  quantitatively	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determine	  lithology	  (Condit,	  1986,	  Cooper	  1991	  and	  1994,	  Smith,	  2011,	  Mnich	  
2012).	  Sections	  are	  point	  counted	  using	  standard	  procedures,	  in	  which	  we	  defined	  
minerals	  greater	  than	  1/3	  mm	  as	  phenocrysts,	  consistent	  with	  the	  size	  that	  can	  be	  
identified	  in	  hand	  sample.	  	  Lithologic	  types	  were	  broken	  out	  based	  on	  the	  
percentage	  of	  minerals	  observed	  and	  a	  lettering	  system	  devised	  that	  ranged	  from	  
the	  most	  mafic	  mineral	  to	  the	  most	  felsic,	  starting	  with	  the	  letter	  a	  (for	  olivine-­‐
pyroxene	  phyric	  lavas)	  to	  the	  letter	  l	  (feldspathic	  lavas)	  (Figure	  37).	  	  In	  this	  
classification	  scheme	  we	  attempt	  to	  minimize	  the	  number	  of	  categories	  while	  
recognizing	  all	  unique	  lithologies.	  	  For	  example,	  in	  the	  SVF,	  which	  is	  dominated	  by,	  
but	  not	  limited	  to,	  basalts,	  we	  define	  a	  “hornblende	  basalt”	  as	  any	  lava	  with	  greater	  
than	  2%	  horblende	  phenocrysts;	  these	  may,	  and	  often	  do,	  also	  include	  plagioclase	  
phenocrysts	  but	  are	  uniquely	  identified	  by	  the	  hornblende.	  	  Vents	  with	  no	  
associated	  flow	  and	  no	  apparent	  lithology	  were	  designated	  with	  the	  letter	  “p”,	  
indicating	  indeterminate	  vent	  materials.	  	  For	  example,	  vent	  8617	  (V8617),	  Soldier	  
Butte	  (see	  Figure	  39),	  appears	  to	  be	  either	  a	  barren	  (flow-­‐less)	  500-­‐foot	  high	  cinder	  
cone,	  or	  one	  whose	  lava	  flows	  were	  buried	  by	  later	  flows	  from	  surrounding	  vents.	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Figure	  37:	  Lithologic	  classes	  as	  defined	  by	  Condit	  et	  al.	  (1999).	  	  Criteria	  
for	  each	  lithology	  is	  based	  on	  point	  counting	  data.	  
	  
Flows	  of	  the	  same	  age	  period	  and	  lithology	  within	  the	  same	  geographic	  area	  are	  also	  
given	  a	  number	  to	  avoid	  having	  flows	  with	  the	  same	  three	  letter	  name.	  	  Numbers	  are	  
assigned	  based	  on	  stratigraphy;	  the	  oldest	  flow	  is	  given	  a	  one,	  the	  next	  youngest	  a	  
two	  and	  so	  on	  until	  all	  flows	  are	  accounted	  for	  with	  a	  unique	  identifier.	  	  Thus	  the	  
oldest	  Quaternary	  age	  flow	  of	  the	  Yellow	  Jacket	  Cienega	  geographic	  subdivision	  with	  
an	  olivine-­‐pyroxene	  (a)	  lithology	  would	  be	  designated	  Qya1.	  
5.2.6	  Unit	  Descriptions	  
	   Consistent	  with	  organizing	  the	  mapping	  around	  units,	  our	  description	  of	  map	  
units	  (Appendix	  B)	  contains	  all	  details	  about	  the	  units.	  	  This	  includes	  lithology	  and	  
approximate	  size	  of	  phenocrysts.	  	  All	  samples,	  both	  geochemical	  and	  paleomagnetic,	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are	  listed	  in	  the	  description.	  	  	  Also,	  overlying	  and	  underlying	  flows	  to	  a	  particular	  
unit	  are	  denoted,	  as	  well	  as	  paleomagnetic	  data	  and	  approximate	  age,	  to	  easily	  have	  
an	  idea	  of	  the	  position	  of	  the	  unit	  in	  time.	  	  Any	  other	  details	  of	  the	  flow,	  such	  as	  
surface	  morphology,	  flow	  thickness,	  soil	  development,	  groundmass	  texture,	  are	  also	  
included.	  
5.2.7	  Comparing	  Geochemistry	  to	  Petrography	  
	  
A	  detailed	  comparison	  between	  these	  lithologic	  types	  was	  carried	  out	  from	  a	  
representative	  suite	  in	  the	  western	  part	  of	  the	  SVF	  by	  Condit	  (1993)	  with	  additional	  
data	  supplied	  by	  L.	  Crumpler	  (central	  SVF),	  J.	  Aubele	  (eastern	  SVF),	  Cooper,	  Smith	  
and	  Mnich.	  	  Although	  there	  is	  wide	  scatter	  in	  the	  data,	  there	  is	  a	  consistent	  relation	  
between	  the	  average	  chemistry	  and	  lithologic	  class,	  showing	  increasing	  SiO2	  and	  
alkalies	  from	  mafic	  (a	  type,	  or	  olivine-­‐pyroxene	  phyric)	  to	  felsic	  (l-­‐type	  or	  
plagioclase	  phyric)	  lithologies	  (Figure	  38).	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Figure	  38:	  Geochemical	  data	  for	  each	  lithologic	  type	  (a-­‐l)	  in	  the	  
Springerville	  Volcanic	  Field	  plotted	  into	  fields	  modified	  by	  Le	  
Bas	  et	  al.	  (1986).	  	  The	  mean	  for	  each	  is	  shown	  as	  an	  asterisk.	  
Figure	  from	  Condit	  et	  al.,	  1993.	  
5.3	  How	  Good	  are	  the	  Data?	  
The	  most	  reliable	  stratigraphic	  data	  are	  based	  on	  unequivocal	  overlying	  and	  
underlying	  flows.	  	  This	  provides	  definite	  data	  from	  which	  to	  base	  relative	  ages.	  	  The	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most	  precise	  data	  are	  obviously	  based	  on	  very	  distinctive	  lithologic	  or	  morphologic	  
units.	  	  Since	  not	  all	  overlying/underlying	  relationships	  are	  exposed,	  sometimes	  
more	  imprecise	  methods	  must	  be	  used.	  	  Once	  mapping	  is	  complete,	  flow	  geometry	  
can	  be	  used	  to	  evaluate	  stratigraphy.	  	  For	  example,	  in	  the	  figure	  below	  (Figure	  39),	  
Qya4	  (shown	  in	  purple)	  overlies	  Qgb2	  (blue)	  based	  on	  the	  geometry	  of	  the	  flow.	  	  
The	  local	  topography	  makes	  it	  is	  highly	  unlikely	  that	  Qgb2	  could	  produce	  the	  
geometry	  seen,	  leaving	  us	  with	  a	  plausible	  scenario	  that	  Qya2	  flowed	  over	  Qgb2	  and	  
covered	  the	  eastern	  extent	  of	  it	  in	  that	  area.	  	  Also,	  Qya4	  appears	  to	  segment	  
outcrops	  of	  Qgh6,	  suggesting	  that	  Qya4	  overlays	  Qgh6	  and	  is	  thus	  younger.	  	  	  
	  
	  
Figure	  39:	  Segment	  of	  the	  map	  of	  the	  YJC	  area	  taken	  from	  the	  Dynamic	  
Digital	  Map	  showing	  how	  unit	  Qya4	  (purple)	  can	  be	  seen	  to	  
overlie	  both	  Qgb2	  (blue)	  and	  Qgh6	  (orange)	  on	  the	  basis	  of	  it’s	  
geometry.	  	  Colors	  of	  flows	  are	  indicative	  of	  lithology	  as	  per	  
defined	  by	  Condit	  (1999).	  	  See	  Figure	  37	  for	  details.	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Numerous	  locally	  applicable	  characteristics	  have	  been	  found	  to	  be	  useful	  in	  
distinguishing	  age	  relations	  in	  the	  SVF.	  	  For	  example,	  where	  two	  flows	  in	  question	  
are	  in	  contact	  along	  a	  drainage,	  in	  general	  the	  older	  flow	  crosses	  the	  drainage.	  	  
Relative	  degrees	  of	  weathering,	  both	  exterior	  and	  interior	  of	  flows,	  can	  be	  compared	  
locally.	  	  However,	  we	  have	  noted	  that	  different	  lithologies	  weather	  differently.	  	  
Another	  characteristic	  is	  soil	  zone	  development.	  	  The	  amount	  of	  time	  between	  
subsequent	  flows	  is	  directly	  related	  to	  soil	  zone	  development	  at	  either	  the	  top	  or	  
between	  flows.	  	  	  
Within	  the	  SVF	  we	  commonly	  encountered	  flows	  that,	  because	  of	  their	  
lithologic	  variability,	  were	  classified	  as	  composite	  flows,	  that	  is,	  probably	  eruptive	  
products	  of	  more	  than	  one	  petrogenetically	  correlated	  vent,	  hence	  unrelated.	  	  In	  
some	  instances,	  vegetative	  and	  soil	  cover,	  poor	  outcrop	  quality,	  or	  simply	  time	  
constraints	  forced	  us	  to	  define	  units	  that	  might	  be	  further	  subdivided	  as	  composite	  
units.	  	  Including	  or	  mixing	  composite	  units	  with	  other	  units	  that	  represent	  distinct	  
“magmatic	  moments”	  clearly	  complicate	  stratigraphic	  relations	  and	  would	  best	  be	  
avoided.	  
Variability	  within	  flows	  is	  a	  fairly	  common	  occurrence.	  	  However,	  decisions	  
need	  to	  be	  made	  as	  to	  whether	  or	  not	  it	  is	  true	  within	  flow	  variability	  or	  the	  unit	  
must	  be	  called	  composite.	  	  Ideally,	  a	  unit	  has	  similar	  lithology	  and	  chemistry	  
throughout.	  	  Some	  units	  are	  distinctive	  and	  are	  easily	  distinguished	  from	  the	  flows	  
around	  them.	  	  When	  variability	  is	  present,	  one	  must	  assess	  the	  nature	  of	  it	  to	  
determine	  if	  it	  is	  still	  the	  same	  unit.	  	  For	  example,	  if	  a	  flow	  varies	  in	  a	  logical	  manner	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with	  a	  trend	  that	  can	  be	  followed,	  it	  is	  likely	  that	  it	  can	  be	  called	  one	  variable	  unit.	  	  
For	  example,	  unit	  Qgb2	  in	  the	  SVF	  grades	  from	  an	  olivine	  rich	  picritic	  flow	  closer	  to	  
the	  vent	  to	  a	  c	  type	  lithology	  with	  sparser	  olivine	  abundance	  with	  distance	  from	  the	  
vent.	  	  In	  some	  cases,	  other	  units	  have	  a	  non-­‐distinctive	  lithology	  and	  that,	  with	  or	  
without	  other	  factors	  such	  as	  lack	  of	  flow	  fronts	  or	  vegetation	  cover,	  prohibit	  units	  
from	  being	  broken	  apart.	  	  In	  these	  situations,	  the	  unit	  is	  called	  a	  composite	  unit.	  	  
Unit	  Qya2	  in	  the	  YJC	  area	  is	  an	  olivine	  pyroxene	  flow	  that	  seems	  to	  underlie	  several	  
flows	  within	  the	  YJC.	  	  Its	  large,	  segmented	  area	  makes	  it	  likely	  that	  it	  is	  not	  all	  one	  
distinct	  unit.	  	  However,	  the	  similarity	  in	  phenocrysts	  makes	  it	  indistinguishable	  
from	  one	  area	  to	  another.	  	  Attaining	  more	  geochemical	  samples	  would	  probbaly	  aid	  
in	  solving	  this	  problem.	  	  However,	  it	  typically	  affirms	  that	  there	  is	  more	  than	  one	  
magmatic	  unit,	  but	  the	  boundary	  between	  the	  two	  may	  still	  be	  indeterminate	  in	  the	  
field.	  	  	  
5.4	  Using	  the	  SVF	  as	  an	  Analog	  
Continental	  volcanic	  fields	  have	  long	  recurrence	  rates,	  such	  as	  the	  SVF	  which	  
averaged	  approximately	  one	  eruption	  every	  6000	  years.	  	  In	  these,	  the	  time	  between	  
eruptions	  is	  too	  long	  to	  allow	  us	  to	  compile	  “real	  time”	  maps	  as	  has	  been	  done	  for	  
example	  of	  Pu’u	  O’o	  volcanic	  vent	  in	  Hawaii	  where	  eruptions	  occur	  frequently,	  on	  
time	  scales	  of	  months	  to	  years.	  	  Even	  relatively	  crude	  data,	  by	  comparison	  to	  those	  
that	  can	  be	  compiled	  in	  more	  active	  environments,	  can	  yield	  significant	  results.	  	  For	  
example,	  Condit	  and	  Connor	  (1999)	  determined	  that	  recurrence	  rates	  are	  not	  
always	  constant	  throughout	  the	  lifespan	  of	  the	  field	  but	  varies	  both	  spatially	  and	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temporally.	  	  They	  noted	  areas	  of	  waxing	  and	  waning	  volcanism	  changing	  throughout	  
time	  and	  varying	  in	  intensity	  spatially	  (Figure	  40).	  
	  
Figure	  40:	  Areas	  of	  waxing	  and	  waning	  volcanism	  in	  the	  SVF	  at	  0.25	  
million-­‐year	  time	  intervals.	  	  The	  area	  of	  the	  field	  is	  outlined	  in	  
white.	  From	  Condit	  and	  Connor	  (1996).	  
	  
Thus,	  although	  the	  eruptive	  history	  of	  continental	  volcanic	  fields	  throughout	  time	  is	  
relatively	  poorly	  understood,	  the	  detail	  with	  which	  the	  SVF	  was	  mapped	  provides	  a	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relatively	  complete	  view	  of	  this	  continental	  field	  through	  time.	  	  It	  is	  likely	  that	  not	  
every	  aspect	  of	  the	  field	  was	  captured,	  as	  vents	  can	  be	  destroyed	  in	  the	  process	  of	  
eruption	  or	  units	  can	  be	  covered	  by	  subsequent	  flows,	  alluvial	  cover	  or	  vegetation.	  	  
However,	  it	  is	  probably	  one	  of	  the	  most	  complete	  datasets	  from	  a	  continental	  field,	  
and	  thus	  may	  be	  a	  valuable	  resource	  as	  an	  analog	  for	  studying	  other	  fields	  as	  well	  as	  
for	  hazard	  assessment.	  	  Many	  large	  population	  centers,	  such	  as	  Mexico	  City	  and	  
surroundings	  and	  the	  late	  Quaternary	  Eifel	  fields	  of	  Germany,	  lie	  within	  close	  
proximity	  to	  active	  continental	  volcanic	  fields.	  	  Understanding	  the	  nature	  of	  these	  
fields	  is	  critical	  to	  protect	  these	  populations.	  	  The	  SVF	  data	  has	  shown	  that	  the	  field	  
does	  follow	  a	  distinct	  eruptive	  pattern	  throughout	  time.	  	  One	  striking	  feature	  is	  the	  
apparent	  clusters	  of	  eruptions	  (Condit	  and	  Connor	  1996).	  These	  clusters	  are	  
concentrated	  geographic	  areas	  where	  several	  eruptions	  occurred	  in	  a	  relatively	  
brief	  amount	  of	  time.	  	  Clusters	  behave	  as	  the	  field	  as	  a	  whole	  does.	  	  General	  west-­‐to-­‐
east	  movement	  in	  the	  locus	  of	  volcanism	  is	  also	  exhibited	  within	  individual	  clusters.	  	  
Also,	  in	  terms	  of	  geochemistry,	  flows	  become	  increasingly	  alkalic	  as	  time	  progresses,	  
again	  both	  in	  general	  and	  in	  each	  cluster	  (Condit	  and	  Connor	  1996).	  	  Spatially,	  
eruptions	  are	  not	  random	  and	  distributed;	  a	  new	  eruption	  is	  likely	  to	  occur	  near	  
where	  a	  previous	  eruption	  occurred,	  a	  feature	  also	  indicated	  by	  the	  clustered	  nature	  
of	  the	  field.	  	  A	  tholeiitic	  eruption	  probably	  indicates	  the	  beginning	  of	  a	  cluster	  and	  
implies	  that	  subsequent	  eruptions	  of	  increasingly	  alkalic	  lavas	  are	  likely	  to	  occur	  
within	  the	  near	  vicinity.	  	  The	  end	  of	  the	  lifespan	  of	  a	  cluster	  is	  apparently	  indicated	  
by	  the	  eruption	  of	  an	  evolved,	  alkalic	  product,	  indicating	  that	  perhaps	  a	  new	  cluster	  
will	  be	  the	  next	  site	  of	  eruption.	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5.4.1	  Lithologies	  in	  the	  SVF	  
	   When	  comparing	  a	  volcanic	  field	  of	  comparable	  size	  to	  the	  SVF	  (3000	  km2),	  
similar	  trends	  can	  be	  expected.	  	  	  Table	  3	  shows	  both	  the	  total	  area	  (km2)	  and	  
percentage	  of	  the	  volcanic	  outcrop	  in	  the	  SVF	  compiled	  for	  each	  lithologic	  class.	  	  As	  
the	  most	  abundant	  lithologic	  class,	  c-­‐type	  lithologies	  are	  expected	  to	  be	  fairly	  
common	  in	  comparable	  continental	  or	  planetary	  volcanic	  fields.	  	  Types	  f	  and	  g	  are	  
also	  likely	  to	  be	  found	  fairly	  regularly,	  followed	  by	  b,	  d	  and	  h	  types,	  with	  all	  other	  
classes	  found	  in	  much	  small	  percentages.	  	  	  





Olivine-pyroxene (a) 85.934 3.67 29 
Picritic (b) 243.24 10.40 45 
Olivine (c) 533.93 22.83 121 
Sparse Olivine (d) 274.94 11.75 81 
Olivine-pyroxene 
plagioclase (e) 68.16 2.91 22 
Diktytaxitic (f) 359.03 15.35 7 
Olivine-plagioclase (g) 362.73 15.51 51 
Aphyric (h) 272.69 11.66 72 
Pyroxene (i) 8.52 0.36 3 
Quartz (j) 44.96 1.92 8 
Hornblende (k) 34.18 1.46 7 
Feldspathic (l) 29.48 1.26 15 
Pyroclastic Deposit (p) 21.26 0.91 54 
        
Total 2339.054 100 515 
	  	  	  
Table	  3:	  	  Area,	  percentage	  of	  outcrop	  and	  total	  number	  of	  units	  for	  each	  
lithology	  for	  the	  entire	  SVF.	  
	  










Figure	  41:	  Area	  of	  each	  lithology	  in	  the	  SVF	  (data	  from	  Table	  3)	  
	  
However,	  depending	  on	  where	  in	  its	  lifecycle	  the	  volcanic	  field	  is,	  observed	  
lithology	  trends	  may	  vary.	  	  Within	  the	  SVF,	  trends	  in	  lithologic	  type	  can	  be	  
identified.	  	  For	  example,	  when	  comparing	  data	  in	  the	  stratigraphically	  highest	  YCJ	  



































Figure	  42:	  Percentage	  of	  flows	  of	  each	  lithologic	  type	  in	  the	  YJC	  
subdivision	  (shown	  in	  red)	  compared	  to	  the	  rest	  of	  the	  field	  
(shown	  in	  blue)	  
	  
	  In	  the	  fairly	  young	  YJC,	  “h”	  type	  lithology	  is	  by	  far	  the	  most	  prominent,	  and	  should	  
be	  expected	  as	  an	  evolved	  product	  of	  a	  field	  at	  the	  end	  of	  its	  lifespan.	  	  Also	  
prominent	  in	  the	  YJC	  are	  “k”	  and	  “l”	  lithologies,	  despite	  their	  still	  low	  percentages.	  	  
Other	  trends,	  such	  as	  the	  greater	  extent	  of	  the	  “a”	  (olivine-­‐pyroxene)	  lithology	  in	  the	  
YJC,	  may	  be	  a	  geographic	  trend	  or	  a	  bias	  based	  on	  the	  area	  sampled	  not	  being	  
representative	  of	  all	  the	  young	  flows	  in	  the	  field,	  which	  is	  indeed	  the	  case.	  	  However,	  
at	  the	  end	  of	  their	  eruptive	  phase,	  comparable	  volcanic	  fields	  may	  show	  similar	  
patterns	  in	  lithology	  as	  the	  SVF.	  
5.4.2	  Geochemical	  Trends	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distinct	  trends	  in	  geochemistry.	  Overall,	  the	  largest	  geochemical	  class	  is	  tholeiite,	  
followed	  by	  transitional	  basalts,	  AOBs	  and	  hawaiite	  with	  lesser	  amounts	  of	  the	  rest	  
of	  the	  more	  evolved	  classes	  (Figure	  43).	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	   	  
Geochemical Class Area (km2) Percentage 
Alkali Olivine Basalt 380.01 18.83 
Hawaiite 313.534 15.53 
Mugearite 118.23 5.86 
Benmorite 30.02 1.49 
Trachy-Basalt 78.12 3.87 
Basalt-Trachy-Andesite 68.85 3.41 
Trachy-Andesite 9.98 0.49 
Transitional 479.91 23.78 
Tholeiite 521.34 25.83 
Basanite 18.41 0.91 
	  
Figure	  43:	  The	  percentage	  of	  geochemical	  classes	  in	  the	  entire	  SVF.	  
	  
As	  is	  the	  case	  with	  lithology,	  geochemistry	  shows	  a	  distinct	  trend	  through	  
time.	  When	  comparing	  the	  whole	  field	  to	  just	  the	  YJC	  area,	  YJC	  contains	  no	  tholeiitic	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This	  pattern	  confirms	  the	  trends	  suggested	  by	  Condit	  et	  al.	  (1999)	  who	  predicted	  
that	  the	  YJC	  area,	  the	  area	  studied	  in	  this	  work,	  would	  be	  dominated	  by	  these	  
products.	  Hawaiite,	  the	  dominant	  class	  within	  YJC,	  plays	  a	  smaller	  role	  in	  the	  field	  as	  
a	  whole,	  indicating	  either	  a	  spatial	  concentration	  of	  these	  lavas	  towards	  this	  south	  
central	  location	  or	  a	  temporal	  trend,	  becoming	  more	  prevalent	  in	  younger	  flows	  or	  
both.	  With	  the	  new	  flows	  from	  YJC	  added,	  total	  area	  of	  lava	  erupted	  during	  the	  time	  
period	  of	  each	  group	  still	  follows	  the	  trends	  noted	  by	  Condit	  et	  al.	  (1989).	  Condit	  et	  
al.	  (1989)	  saw	  large	  volumes	  of	  tholeiites	  erupted	  from	  2.1	  to	  1.75Ma,	  large	  outputs	  
of	  alkali-­‐olivine	  basalt	  (AOB)	  from	  1.75	  to	  1Ma,	  and	  increasingly	  more	  alkalic	  lavas	  
from	  1	  to	  0.3Ma.	  	  Figure	  44	  indicates	  that	  the	  majority	  of	  tholeiites	  were	  indeed	  
erupted	  between	  2	  and	  1.75Ma.	  	  The	  subsequent	  time	  period,	  1.75	  to	  1.5Ma	  saw	  a	  
change	  to	  more	  alkalic	  products,	  creating	  a	  large	  volume	  of	  AOBs	  erupted.	  	  As	  the	  
field	  progressed	  to	  more	  recent	  times,	  AOBs	  continue	  to	  be	  a	  main	  eruptive	  product	  
until	  evolved	  alkalic	  lavas,	  and	  to	  a	  smaller	  extent,	  subalkalic	  evolved	  lavas,	  become	  
the	  predominant	  type	  erupted.	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Figure	  44:	  Volume	  percentage	  of	  lavas	  with	  distinct	  geochemistry	  
through	  quarter	  million	  year	  time	  intervals.	  	  Tholeiites	  are	  
shown	  in	  blue,	  AOBs	  in	  red	  and	  evolved	  volcanic	  products	  in	  
green.	  	  Evolved	  lavas	  include	  hawaiite,	  mugearite,	  benmorite,	  




	   The	  completed	  mapping	  of	  the	  SVF,	  resulting	  in	  detailed	  results	  from	  the	  
entirety	  of	  the	  field,	  can	  serve	  as	  a	  guideline	  for	  how	  to	  approach	  other	  continental	  
volcanic	  fields.	  	  The	  unit-­‐centered	  style	  of	  mapping	  allows	  detailed	  study	  of	  these	  
distinct	  “magmatic	  moments”	  in	  time	  in	  a	  standardized	  manner.	  	  Methods	  of	  
stratigraphic	  analysis	  and	  temporal	  organization	  permit	  the	  identification	  of	  these	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   In	  the	  SVF,	  several	  distinct	  trends	  occur	  throughout	  the	  lifespan	  of	  the	  field,	  
including	  trends	  in	  lithology,	  geochemistry	  and	  spatial	  locale,	  as	  the	  field	  progressed	  
through	  time	  from	  dominantly	  tholeiitic	  eruptive	  products	  to	  more	  evolved,	  alkalic	  
lavas.	  	  Although	  the	  SVF	  cannot	  be	  studied	  in	  real	  time,	  data	  from	  magmatic	  
mapping	  has	  proven	  to	  be	  successful	  in	  obtaining	  these	  sorts	  of	  details,	  which	  can	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CHAPTER	  6	  	  
CONCLUSIONS	  
	  
	   The	  mapping	  efforts	  of	  2010	  and	  2011	  represent	  the	  conclusion	  of	  an	  
extensive	  mapping	  effort	  that	  began	  over	  30	  years	  prior.	  	  The	  newly	  mapped	  YJC	  
subdivision	  contains	  some	  of	  the	  youngest	  and	  most	  evolved	  volcanic	  rocks,	  as	  was	  
expected,	  and	  represents	  the	  final	  piece	  in	  constructing	  the	  puzzle	  of	  eruptive	  
history.	  
	   The	  YJC	  area	  follows	  the	  trends	  documented	  previously	  in	  the	  rest	  of	  the	  
field,	  such	  as	  the	  progression	  toward	  more	  evolved	  compositions	  though	  time.	  	  In	  
terms	  of	  geochemistry,	  the	  YJC	  subdivision	  contains	  solely	  alkalic	  products	  unlike	  
other	  portions	  of	  the	  field	  that	  contain	  tholeiitic	  lavas.	  	  Hawaiite	  plays	  a	  much	  
smaller	  role	  in	  the	  field	  as	  a	  whole	  but	  is	  the	  dominant	  geochemical	  type	  within	  the	  
YJC,	  suggesting	  both	  a	  concentration	  based	  on	  location	  and	  decreasing	  age.	  	  As	  seen	  
in	  Figure	  20,	  hawaiites	  are	  not	  present	  as	  an	  eruptive	  product	  before	  1.67	  Ma	  but	  
then	  rise	  rapidly	  in	  area	  of	  lava	  produced	  to	  becoming	  dominant	  during	  the	  Group	  5	  
time	  period	  (0.97<0.3	  Ma).	  	  This	  figure	  also	  clearly	  depicts	  the	  trends	  to	  alkalic	  
products	  as	  time	  progressed.	  	  Future	  work	  in	  radiometric	  age	  dating	  would	  enhance	  
the	  accuracy	  of	  assessing	  how	  the	  field	  progressed	  through	  time.	  
	   The	  SVF	  lavas	  are	  likely	  derived	  from	  partial	  melting	  of	  a	  garnet	  lherzolite	  
source	  comprised	  of	  approximately	  3.5%	  garnet,	  10%	  clinopyroxene	  and	  86.5%	  
olivine	  and	  orthopyroxene.	  	  This	  garnet	  lherzolite	  has	  a	  higher	  clinopyroxene	  to	  
garnet	  ratio	  then	  a	  typical	  garnet	  lherzolite	  and	  potentially	  suggests	  melting	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occurring	  over	  a	  range	  of	  pressures.	  	  Using	  the	  methods	  of	  Lee	  et	  al.	  (2009),	  
thermobarometric	  calculations	  suggest	  that	  temperatures	  of	  derivation	  range	  from	  
1444°C	  to	  1583°C.	  	  The	  majority	  of	  pressures	  fall	  between	  3.25-­‐3.5G	  Pa	  (107-­‐115	  
km	  depth),	  which	  corresponds	  roughly	  with	  the	  asthenosphere-­‐lithosphere	  
boundary,	  but	  the	  data	  shows	  spread	  from	  2.21	  to	  4.39	  GPa	  which	  could	  also	  be	  
inferred	  as	  a	  range	  of	  depths	  of	  melting,	  beginning	  in	  the	  garnet	  range	  and	  
extending	  shallower.	  	  	  
	   Based	  on	  isotopic	  data,	  SVF	  magmas	  may	  have	  been	  derived	  from	  as	  little	  as	  
one	  mantle	  reservoir.	  	  Data	  suggests	  that	  PREMA	  is	  a	  prominent	  reservoir	  with	  an	  
enriched	  input,	  likely	  from	  crustal	  contamination.	  	  Putirka	  and	  Condit	  (2003)	  
suggested	  there	  were	  two	  shallow	  crustal	  reservoirs	  in	  which	  magmas	  resided,	  
which	  implies	  that	  crustal	  contamination	  was	  likely.	  The	  relative	  enrichment	  of	  the	  
inferred	  primary	  compositions	  in	  the	  more	  incompatible	  elements	  also	  suggests	  
crustal	  contamination.	  The	  relatively	  small	  abundance	  of	  isotopic	  data	  (only	  for	  50	  
samples)	  limit	  the	  study	  of	  reservoirs,	  so	  future	  study	  involving	  more	  data	  could	  
place	  some	  more	  definitive	  determinations	  of	  mantle	  reservoirs.	  
The	  SVF	  is	  one	  of	  the	  best-­‐characterized	  monogenetic	  volcanic	  fields	  in	  the	  
world;	  a	  summary	  of	  the	  techniques	  used	  in	  this	  work	  served	  as	  the	  basis	  for	  an	  
invited	  talk	  at	  the	  planetary	  section	  for	  the	  national	  Geological	  Society	  of	  America	  
meeting	  in	  Denver	  (2007),	  despite	  its	  then	  incomplete	  mapping.	  	  Basalt	  dominates	  
the	  surface	  on	  all	  known	  terrestrial-­‐like	  planets,	  with	  cinder	  cone-­‐lava	  flows	  as	  a	  
ubiquitous	  occurrence.	  	  Active	  training	  of	  astronauts	  in	  mapping	  basalts	  is	  occurring	  
as	  part	  of	  NASA’s	  Desert	  Research	  and	  Technology	  Studies	  (RATS)	  program.	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Remote	  mapping	  can	  be	  greatly	  enhanced	  by	  comparing	  it	  with	  a	  well-­‐studied	  
terrestrial	  analog	  that	  has	  been	  mapped	  in	  detail.	  	  The	  completed	  dataset	  for	  the	  SVF	  
thus	  represents	  a	  unique	  resource,	  useful	  not	  only	  in	  studying	  the	  petrogenetic	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  APPENDIX	  A	  
LITHOLOGIC	  MAP	  OF	  THE	  YJC	  SUBDIVISION	  	  
See	  supplemental	  information	  for	  full	  sized	  map.	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APPENDIX	  B	  	  
	  UNIT	  DESCRIPTIONS	  FOR	  ALL	  FLOWS	  IN	  THE	  YJC	  SUBDIVSION	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
See	  the	  Dynamic	  Digital	  Map	  of	  the	  SVF	  for	  unit	  descriptions	  for	  the	  entire	  field.	  
 
Yellow Jacket Cienega 
 
UNIT: Qgb2--_Flow and cinders of vent 8604. 
CHARACTERISTICS: Irregular locally dissected thickness 34 m vent slightly dissected. 
AGE (Ma): 0.37-0.76 AREA (sq. km): 23.89 
PHENOCRYST SIZE: 1.5-2.5 CHEM TYPE: HAW 
SAMPLES: BB143, 818HC, 827HC, 859HC 
OVERLYING UNITS: Qyg1 (f8619A-a), Qyg5 (f8630-gj) 
UNDERLYING UNITS: Qgc5, Qgd5, Qgh7, Qgh6, Qya3 (f8534a), Qgp8, Qgh5, Qja2, 
Qgh1, Qgc4, Qyg2 (f8501B-gd)  
REMARKS: Olivine commonly translucent one of the youngest flows in the field. PMag sites 
219NM, 220NM, 221NM 
 
UNIT: Qgh6--_Flows and cinders of vent 8615. 
CHARACTERISTICS: Smooth locally alluvial covered and dissected thickness 13 m vent 
moderately degraded. 
AGE (Ma): 0.78-0.97 AREA (sq. km): 20.4 
PHENOCRYST SIZE: - - - CHEM TYPE: AOB 
SAMPLES: GP137, UP2, 828HC, 839HC, 
OVERLYING UNITS: Qgh7, Qyk (f8628-k),Qya4 (f8619A-a), Qyg5 (f8630-gj), Qgb2 
UNDERLYING UNITS: Qgh5, Qgh4, Qge3, Qyg3 (f8619B-gb), Qya2 (f8635B-a), 
Qye2(F8629-e) 
REMARKS: PMag site 224R, 248I 
 
UNIT: Qgj2--_Composite flow and cinders of vent 9626 (Saint Peter's Dome) 
CHARACTERISTICS: Irregular and undissected locally alluvial covered thickness 310 m vent 
undissected. 
AGE (Ma): 0.67±0.022 AREA (sq. km): 27.29 
PHENOCRYST SIZE: 0.5-1.2 CHEM TYPE: HAW 
SAMPLES: 710WK, 743WK, WK74, WK103, 743WK, 835WK 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qgh7, Qgk, Qgg4, Qgg2, Qgh2, Qgb1, Qdc9, Qdg, Qic2, Qdc8, 
Qdl, Qga, Qie, Qgl1, Qic1, Qdd5, Qih1, Qgc2, Qgc1, Qid2, Quc2, Qde1, Qdd1 
REMARKS: Rounded feldspar [originally field identified as quartz] phenocrysts (if quartz, 
probably of accidental origin) and cognate olivine. K-Ar sample UAKA 82-197, Aubele and others, 
1986. Polarity:NM, sites 156NM, 157NM. 
 
UNIT: Qhg--_Composite flow of Boyce Spring and cinders of vent 7503?. 
CHARACTERISTICS: Smooth alluvial cover edge 2-4 m thick 
AGE (Ma): 0.25-0.50 AREA (sq. km): ~17.2 (including 2010-2011 mapping). 
PHENOCRYST SIZE: 0.3-.5 CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: Qhh2, Qyl (f8515-l), Qyd2 (f8514-d), Qyc8 (f7512-c?) 
UNDERLYING UNITS: Qha2, Qhe, Qhc1, Thg2, Thb2, Thc3 
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UNIT: Qhh2--_Flow and cinders of vent 8510B. 
CHARACTERISTICS: Smooth alluvial cover edge 1-2 m thick 
AGE (Ma): 0.10-0.50 AREA (sq. km): 11.51 
PHENOCRYST SIZE: - - - CHEM TYPE: HAW 
SAMPLES: 407MC, 858HC 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qhg, Qha2, Qyl (f8515-l), Qyb2 (f8521A-b), Qyg4 (F8521B-gb), 
Qyg2 (f8501B-gd), Qyg1 (f8510A-gb), Qyc4 (f8516-c), Qya1 (f8509A-a) 
REMARKS: Rare black pyroxene. AKA "Shark Bite". Polarity NM, site 215NM (shallow dec/inc), 
but note PMag site 214I and 234NM, 241NM 
 
UNIT:Qla3--_Flow and cinders of vent 8506A. 
CHARACTERISTICS: Slightly irregular alluvial covered edge 25 m thick. 
AGE (Ma): 0.30-1.00 AREA (sq. km): 0.86 (including 2010-2011 mapping). 
PHENOCRYST SIZE: 1.0-2.0 CHEM TYPE: BAS 
SAMPLES: 414MC, 414MC#1 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qld7(?) 
REMARKS: Dark-green pyroxene phenocrysts as large as 5 mm. 
 
UNIT: Qlg1--_Flow and cinders of vent 9425B. 
CHARACTERISTICS: Smooth alluvial covered thickness exceeds 30 m. 
AGE (Ma): 0.70-1.50 AREA (sq. km): 6.2 (including 2010-2011 mapping). 
PHENOCRYST SIZE: 0.5-7mm CHEM TYPE: HAW 
SAMPLES: 424SM, 831HC, 832BB 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qld7 
REMARKS: Flow has massive, steep flow edges. 
 
UNIT: Qlh8--_Flow and cinder of vent 8505 (Cerro Gordo Mountain). 
CHARACTERISTICS: Slightly irregular thin alluvial cover thickness 3 m. 
AGE (Ma): 0.40-0.97 AREA (sq. km): 7.8 (including 2010-2011 mapping). 
PHENOCRYST SIZE: - - - CHEM TYPE: AOB 
SAMPLES: 810MC, 830MC 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qyd3 (F8508C-d), Qyb3 (F8507-b), Qlg2, Qld7 
REMARKS: Occasional plagioclase phenocryst to 14mm;  in outcrop apparent black pyroxene 
observed. Paleomag site 213NM 
 
UNIT: Qya1--(F8509A-a)--_Flow field along Gooseberry Creek, north of Penrod Burn, with no 
vent. 
CHARACTERISTICS: Smooth flow surface, incised by Gooseberry Creek; flow thickness up to 
10m, heavily weathered. Visual estimate lithology: a, but point count of 841HC suggests h (<2% 
phenocrysts over 1/3 mm). 
AGE (Ma): 1.07-1.78 Ma AREA (sq. km): 0.55 
PHENOCRYST SIZE: 1mm; xenocrysts to 5cm CHEM TYPE: HAW 
SAMPLES: 821HC, 822HC, 841HC 
OVERLYING UNITS: Qyc3 (f8503-c), Qhh2, Qyg1 (f8510A-gb), Qyg2 (f8501B-gb) 
UNDERLYING UNITS: Qyc1 (F8509C-c) 
REMARKS: Highly variable lithology with olivine, pyroxene, ±amphibole (?), and quartz 
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UNIT: Qya2--(f8635B-a)--_Flow and cinders of vent 8635B. 
CHARACTERISTICS: Composite unit, local alluvial cover, smooth to slightly rough surface, 
thickness 50-60ft. Visual Estimate Lithology: a-olivine-pyroxene 
AGE (Ma): 0.80-0.11 Ma AREA (sq. km): 18.61 
PHENOCRYST SIZE: ol <3/4mm, px <1/2mm, qtz <1/2cm CHEM TYPE: Basaltic Trachy-
Andesite 
SAMPLES: 848GP 
OVERLYING UNITS: Qyf2 (f7607-f), Qgh6, Qyc6 (f7605-cg), Qye2 (f7611-e), Qyc8 (f7512-
c) 
UNDERLYING UNITS: Tyl (F7606B-l) 
REMARKS: Large composite unit. Occasional rounded quartz and lithic xenocrysts, granular 
groundmass. Fissile nature. Pmag sites 227R, 231R and 246R.. 
 
UNIT: Qya3 (f8534-a)--_Flow and cinders of vent 8534. 
CHARACTERISTICS: Alluvial covered locally dissected, thickness 3m.  Lithology: a 
AGE (Ma): 0.3-0.78Ma AREA (sq. km): 3.77 
PHENOCRYST SIZE: 1-3mm CHEM TYPE: AOB 
SAMPLES: 825HC 
OVERLYING UNITS: Qgb2 
UNDERLYING UNITS: Qhg (?) 
REMARKS: olivine 0.5b, pyroxene 0.5b, occasional 3-4mm quartz, small ol/px phenocrysts, 
around 1-3mm, 2 islands about 5m high. Polarity:  NM, site 226NM. 
 
UNIT: Qya4--(f8619A-a)--_Flow and cinders of vent 8619A 2km north of Cinder Pit Mountain. 
CHARACTERISTICS : Alluvial covered 
AGE (Ma): 0.3-0.76 Ma AREA (sq. km): 2.23 
PHENOCRYST SIZE: 0.3-2mm CHEM TYPE: AOB 
SAMPLES: 829HC 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: Qgh6, Qya4 (F8619B-gb), Qgb2 
REMARKS: : .5ol .5px to 2b ol 2b px, occasional quartz, 1-2mm phenocrysts.  
 
UNIT: Qya5--(f8535-a)--_Cinders and flow of vent 8535 1km south-southeast of Bog Tank 
CHARACTERISTICS: Locally spatter rich flow, Cinders and flow of variable lithology from sparse 
olivine to picritic with occasional black pyroxene. Visual Estimate Lithology: Up to nearly picritic 
AGE (Ma):~0.3-0.9 Ma AREA (sq. km): 0.19 
PHENOCRYST SIZE: 1/3-2mm but variable CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: Cinders and flow of variable lithology. Cinder pit full of bones. 
 
UNIT: Qyb1--(F8536-bc)--_Flow of unknown vent, isolated flow south of Horseshoe Creek. 
CHARACTERISTICS: Alluvial covered, poorly exposed. Visual Estimate Lithology: b/c(1½_ to 2 
bar olivine) 
AGE (Ma): ~0.6-0.98 Ma AREA (sq. km): 0.25 
PHENOCRYST SIZE: <1mm CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: Qyf2 (f7606-f) 
UNDERLYING UNITS: Qyh1 (F8631) 
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UNIT: Qyb2--(F8521A-b)--_Flow field with no vent along old Apache Railway N and ENE of 
Shush Be Tou Reservoir (Little Bear Lake). 
CHARACTERISTICS: 3m cliffs, locally dissected by Bog Creek. Lithology: b 
AGE (Ma): 0.78-1.3 Ma AREA (sq. km): 0.46 
PHENOCRYST SIZE: 1-1.5mm CHEM TYPE: TRANS 
SAMPLES: 815HC, 816HC 
OVERLYING UNITS: Qyl (f8515-l), Qyd2 (f8514-d) 
UNDERLYING UNITS: Qyg4 (F8521B-gb) 
REMARKS: Olivine 1.5b, 1-3 mm phenocrysts, Polarity: R, site 242R 
 
UNIT: Qyb3--(F8507-b)--_Small plug-like outcrop on north side of Gooseberry Creek, west of 
Brushy Mountain (V8508A) 
CHARACTERISTICS: Small flow field with no vent, small cliff outcrop 4m thick. Lithology: b 
AGE (Ma): 0.65-1.1 AREA (sq. km): 0.01 
PHENOCRYST SIZE: 0.3-2.5mm CHEM TYPE: - - - 
SAMPLES: 823HC 
OVERLYING UNITS: Qlh8 
UNDERLYING UNITS: - - - 
REMARKS: black pyx, sample number given later (not in field) so out 
of order. 
 
UNIT: Qyc1--(F8509C-c)--_Minor flow field with no vent, northern Penrod Burn and south of 
Gooseberry Creek. 
CHARACTERISTICS Weathered surface, discontinuous outcrop. Visual estimate of lithology: c 
AGE (Ma): ~1.0-1.7 AREA (sq. km): 0.06 
PHENOCRYST SIZE:<1mm CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: Qya1 (F8509A-a) 
REMARKS: Overlies distal end of f8509A-a in two small outcrops. 
 
UNIT: Qyc2--(F8509B-cl)--_Flow field north of Gooseberry Creek about 1 mile northeast of 
northern Penrod Burn with no vent. 
CHARACTERISTICS: Crystal mush? Lithology c 
AGE (Ma): 1.08-1.78 Ma AREA (sq. km): 0.13 
PHENOCRYST SIZE: 0.3-5mm-1cm CHEM TYPE: AOB 
SAMPLES: 819HC 
OVERLYING UNITS: Qyc3 (f8503-c), Qyg2 (f8501B-gd)  
UNDERLYING UNITS: - - - 
REMARKS: Quartz (up to 1cm), plagioclase 1.5b (up to 5mm) 
 
UNIT: Qyc3--(f8503-c)--_Flow  
and cinders of vent 8503 on southwest flank of Boundary Butte. 
CHARACTERISTICS: Alluvial covered, locally rough, thickness to 4m Lithology: c 
AGE (Ma): 0.78--1.78 Ma AREA (sq. km): 5 
PHENOCRYST SIZE: 1-4mm CHEM TYPE: Trachy-Basalt 
SAMPLES: 813BB 
OVERLYING UNITS: Qyd1 (f9533A) 
UNDERLYING UNITS: Qya1 (F8509A-a) (WildGuy), Qyc2 (F8509B-cl) 
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UNIT: Qyc4--(f8516-c)--_Flow field and vent 8516 (Gooseberry Butte) 
CHARACTERISTICS: Mostly vesicular, thin alluvial cover, locally dissected. Lithology: c 
AGE (Ma):0.7-1.3 AREA (sq. km): 0.3 
PHENOCRYST SIZE: 0.3-2mm CHEM TYPE: Basaltic Trachy-Andesite 
SAMPLES: 824HC 
OVERLYING UNITS: Qyl (f8515-l), Qhh2, Qyg2 (f8501B-gd) 
UNDERLYING UNITS: - - - 
REMARKS: olivine .5b, pyroxene .5b, 10m thick, pyx up to 2cm, some quartz 
 
UNIT: Qyc5--(F8508A-c)--_Flow and cinders of vent 8508A (Brushy Mountain). 
CHARACTERISTICS: Cliffs up to 5m where dissected by Gooseberry Creek, alluvial covered 
elsewhere. Lithology: c 
AGE (Ma): 0.70-1.1 Ma AREA (sq. km): 0.47 
PHENOCRYST SIZE: 0.5-2.5mm CHEM TYPE: HAW 
SAMPLES: 811HC 
OVERLYING UNITS: Qlh8, Qlg2 
UNDERLYING UNITS: - - - 
REMARKS: Olivine 1.5 bar, grades to Ol 0.5bar, 0.5-1mm phenocrysts, some felty plagioclase 
feldspar 
 
UNIT: Qyc6--(f7502-c)_Flow and cinders of vent 7502 east of Horseshoe Cienega Lake. 
CHARACTERISTICS: Thin alluvial cover, smooth to rough surface with local agglomeratic 
mounds, lithology variable from locally abundant olivine to occasional sparse olivine phenocrysts. 
Visual Estimate Lithology-c 
AGE (Ma): -0.4-0.95 Ma AREA (sq. km): 0.88 
PHENOCRYST SIZE: <1mm CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: Qyf2 (f7607-f?) 
REMARKS: - - - 
 
UNIT: Qyc7--(f7605-cg)--_Flow and cinders of vent 7605. 
CHARACTERISTICS: Visual Estimate Lithology: cg 
AGE (Ma): 0.30-0.80 Ma AREA (sq. km): 0.89 
PHENOCRYST SIZE: <1mm CHEM TYPE: Trachy-Basalt 
SAMPLES: 851HC 
OVERLYING UNITS: Qyf2 (f7607-f) 
UNDERLYING UNITS: Tyl (F7606B-l), Qya2 (f8635B) 
REMARKS: Felty groundmass 
 
UNIT: Qyc8--( f7512-c)_Flow and cinders of vent 7512. 
CHARACTERISTICS: Smooth alluvial cover, thickness 4-5m along the edge of the North Fork of 
the White River. Top flow on north and possibly south sides of the North Fork of the White River 
south of Horseshoe Cienega Lake. Visual Estimate Lithology: c 
AGE (Ma): 0.30-0.78  Ma AREA (sq. km): 2.08 
PHENOCRYST SIZE: 0.3-1.5mm CHEM TYPE: HAW 
SAMPLES: 854HC 
OVERLYING UNITS: Qhg 
UNDERLYING UNITS: Qya2 (f8635B) 
REMARKS: Top flow in the canyon of the North Fork of the White River southwest of Horseshoe 
Cienega, pmag sites 237I and potentially 238NM (on south side of the North Fork of the White 
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UNIT: Qyd1--(f9533A-d)--_Flow and cinders of vent 9533A (old Qjp2, now renamed). 
CHARACTERISTICS: Degraded vent, newly mapped (2010) flow with sparse olivine phenocrysts. 
AGE (Ma): 1.00-1.80 AREA (sq. km): 1.47 
PHENOCRYST SIZE: <1mm CHEM TYPE: HAW 
SAMPLES: 812BB 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qyc3 (f8503-c) 
REMARKS: - - - 
 
 
UNIT: Qyd2--(F8514-d)--_Cinders of vent 8514 (old upper part of Qhg). 
CHARACTERISTICS: Aluvial covered, locally dissected, thickness 1-2m. 
AGE (Ma): 0.6-1.05 Ma AREA (sq. km): 5.95 
PHENOCRYST SIZE: <1mm CHEM TYPE: AOB 
SAMPLES: 817HC 
OVERLYING UNITS: --- 
UNDERLYING UNITS: Qyg2 (f8501B-gd), Qyb2 (F8521A-b), Qyg4 (F8521B-gb), Qyl 
(f8515-l ?) 
REMARKS: Polarity:  R site 218R, N sites 228NM, 229NM, possibly overlies Qgb2?? 
 
UNIT: Qyd3--(F8508C-d)--_Isolated outcrop north of Gooseberry Creek, west of park with 
abandoned cabin. 
CHARACTERISTICS: flow field with no vent, small cliff outcrop 4m thick. Visual estimate sparse 
ol lithology: d 
AGE (Ma):0.65-1.2 AREA (sq. km): 0.02 
PHENOCRYST SIZE: <1mm CHEM TYPE: HAW 
SAMPLES: 838HC 
OVERLYING UNITS: Qlh8 
UNDERLYING UNITS: - - - 
REMARKS: Stream forms small pools 
 
UNIT: Qye1--(F8629-e)--_Flow field 1 km south of Cinder Pit Mountain and north of Horseshoe 
Creek (centered on section 31). 
CHARACTERISTICS: Alluvial cover, thickness 30ft along southern side.  
AGE (Ma): 0.8-1.1 AREA (sq. km): 2.9 
PHENOCRYST SIZE:<2mm CHEM TYPE: Trachy-Basalt 
SAMPLES: 845HC, 846HC 
OVERLYING UNITS: Qgh6, Qyg5 (f8630-gj), Qyk (f8628-k) 
UNDERLYING UNITS: Qyh1 (F8631-h) 
REMARKS: Previously assigned as distal end of Qya2 (f8635B-a) 
 
UNIT: Qye2--(f7611-e)--_Flow and cinders of vent 7611 southeast of Big Cienega Mountain. 
CHARACTERISTICS: Alluvial and grass covered, vesicular flowtop exposed only along hill slopes. 
Visual Estimate Lithology: h 
AGE (Ma): 0.60-0.97 Ma AREA (sq. km): 3.02 
PHENOCRYST SIZE: <2mm CHEM TYPE: TRANS 
SAMPLES: 849GP 
OVERLYING UNITS: --_- 
UNDERLYING UNITS:  Qya2 (F8635B-a) 
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UNIT: Qyf1--(f7606-f)--_Flow and cinders of vent 7606A (Gerd's Mesa). 
CHARACTERISTICS: Smooth, alluvial covered, edge to 5m thick 
AGE (Ma): 0.75-0.98 Ma AREA (sq. km): 1.1 
PHENOCRYST SIZE: <1.3mm CHEM TYPE: MUG 
SAMPLES: 843HC 
OVERLYING UNITS: - - - 
UNDERLYING UNITS: Qyh1 (F8631-h), Qyb1 (f8536-bc) 
REMARKS: - - - 
 
UNIT: Qyf2--(f7607-f)--_Flow and cinders of vent 7607 
CHARACTERISTICS: Smooth alluvial cover, road cuts display 3m thickness.Visual Estimate 
Lithology: f 
AGE (Ma): 0.52-0.78 Ma AREA (sq. km): 1.72 
PHENOCRYST SIZE: <1.2mm CHEM TYPE: AOB 
SAMPLES: 855HC 
OVERLYING UNITS: Qyg5 (f8630-gj), Qyc7 (f7502 ?) 
UNDERLYING UNITS: Qya2 (f8635B-a), Qyc6 (f7605-cg) 
REMARKS: Diktytaxitic, 232NM, underlies highway 260. 
 
UNIT: Qyg1--(f8510A-gb)--_Flow and cinders of vent 8510A, 2km NE of Penrod Burn. 
CHARACTERISTICS: Heavily weathered, 8-9m thick. Lithology: g (olivine rich)) 
AGE (Ma): 0.78-1.6 Ma AREA (sq. km): 0.17 
PHENOCRYST SIZE: 1-4mm CHEM TYPE: AOB 
SAMPLES: 833HC 
OVERLYING UNITS: Qyg2 (f8501B-gd), Qhh2 (f8510B-g) 
UNDERLYING UNITS: F8509A-a 
REMARKS: Olivine 2bar, 1-4mm phenocrysts 
 
UNIT: Qyg2--(f8501B-gd)--_Composite flow field of Elk Springs Cienega and cinders of vents 
8501B and 8512(?), 1km south of CC Lake. 
CHARACTERISTICS: Up to 5m thick, along Gooseberry Creek has ‘rock ponds’ (possible 
collapsed lava tubes), thin to locally thick alluvial cover , rough surface where exposed. Lithology: 
g (sparse ol, plag) 
AGE (Ma): 0.78-1.2 Ma AREA (sq. km): 8.82 
PHENOCRYST SIZE: .3-2mm CHEM TYPE: MUG 
SAMPLES: 820HC, 826HC 
OVERLYING UNITS: Qyd2 (F8514-d), Qyl (f8515-l), Qgb2 , Qhh2 (f8510B-gd) 
UNDERLYING UNITS: Qyc4 (f8516-c), Qyg1 (f8510A-gb),Qyc2 (F8509B-cl), Qya1 
(F8509A-a) 
REMARKS: aphyric, light gray groundmass, has occasional olivine, very rare quartz, Polarity: 
NM, site 225NM 
 
UNIT: Qyg3--(F8619B-gb)--_Flow field with no vent 0.5km NW of cinder Pit Mountain. 
CHARACTERISTICS: baked soil zone underneath, flow thickness 2m thick (well constrained) 
AGE (Ma): 0.78-1.3 Ma AREA (sq. km): 0.12 
PHENOCRYST SIZE: 0.3-2.5 mm CHEM TYPE: TRANS 
SAMPLES: 837HC 
OVERLYING UNITS: Qgh6, Qya4 (f8619A-a), Qyg5 (f8630-gj) 
UNDERLYING UNITS: - - - 
REMARKS: plagioclase 2b, pyroxene 1.5b. distinctive plag groundmass, opaque plag phenocrysts 
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UNIT: Qyg4--(F8521B-gb)--_Minor flow field 3 km south of Gooseberry Butte and 1km west of 
Shush Be Tou Reservoir (Little Bear Lake). 
CHARACTERISTICS: Eastern outcrop dissected flow exhumed along Bog Creek, western outcrop 
alluvial covered and locally dissected. Lithology g (picritic). 
AGE (Ma): 0.78-1.1  Ma AREA (sq. km): 0.34 
PHENOCRYST SIZE: 1-5mm CHEM TYPE: AOB 
SAMPLES: 834HC, 842HC 
OVERLYING UNITS: Qyl (f8515-l), Qyh2 (F8521A-b) 
UNDERLYING UNITS: - - - 
REMARKS: Olivine 1.5b, plagioclase 2b, distinctive groundmass consisting of opaque plagioclase 
phenocrysts, 1-3mm plag, around 1mm olivine. Polarity: R, site 217R 
 
UNIT: Qyg5--(f7614-g)--_Flow and cinders of vent 7614 2km west of Sunrise Lake. 
CHARACTERISTICS: Near vent very rough surface composed of microvesicular top cooling unit; 
distal flow smoother and more dense.Visual Estimate Lithology: h, with some microphenocrysts 
of ol, px and plag 
AGE (Ma): 0.50-1.1 Ma AREA (sq. km): 0.78 
PHENOCRYST SIZE: <1mm CHEM TYPE: HAW 
SAMPLES: 850GP 
OVERLYING UNITS: --- 
UNDERLYING UNITS: Qpc4? 
REMARKS: Around the vent the rocks have pyroclastic/vesicular nature, “Marissa’s Flow” 
 
UNIT: Qyg6--(f8630-gj)--_Flow and cinders of vent 8630 (Cinder Pit Mountain). 
CHARACTERISTICS: Variable from smooth alluvial covered to locally rough, thickness to 
6m.Visual Estimate Lithology: Large quartz, ol, px? 
AGE (Ma): 0.55-0.95 Ma AREA (sq. km): 5.33 
PHENOCRYST SIZE: Qtz to over 1 cm, ol <1mm, black pyroxene to 1cm, shiny groundmass. 
CHEM TYPE:  HAW 
SAMPLES: 840HC 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: Qgb2, Qgh6, Qye1 (F8629-e), Qyg3 ( f8619B-gb), Qyf1 (f7606-f) 
REMARKS: Pmag site 223NM and 245NM, “Wild Woman” 
 
UNIT: Qyh1--(F8631-h)--_Flow of unknown vent 
CHARACTERISTICS: Visual Estimate Lithology: h 
AGE (Ma): 0.85-1.4 Ma AREA (sq. km): 0.07 
PHENOCRYST SIZE: <1/3mm CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS:  Qyb1 (F8536-bc), Qye1 (F8629-e), Qyf1 (f7606-f) 
UNDERLYING UNITS: - - - 
REMARKS: Basal flow on both sides of Horseshoe Creek. 
 
UNIT: Qyh3--(f8627-h)--_Flow and cinders of vent 8627 southwest of Sherlock Tank and 2 km 
NNE of junction of AZ Highways 260 and 273. 
CHARACTERISTICS: Hummocky flow surface morphology.  
AGE (Ma): 0.65-1.0 Ma AREA (sq. km): 1.79 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: 857GP 
OVERLYING UNITS: --- 
UNDERLYING UNITS: Qgh4 
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UNIT: Qyh2--_Minor flow and cinders of vent 8635A southwest of Sheep Springs  
CHARACTERISTICS: Visual Estimate Lithology: h 
AGE (Ma): 0.85-1.4 Ma AREA (sq. km): 0.28 
PHENOCRYST SIZE: <1/3mm CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS:  --- 
UNDERLYING UNITS: - - - 
REMARKS: Previous mapping grouped flow and cone with Qph4. 
 
UNIT: Qyk--(f8628-k)--_Flow and cinders of vent 8628 southwest of Soldier Spring. 
CHARACTERISTICS: Alluvial cover, thickness 35-40ft along distal(western) end. Visual Estimate 
Lithology: k 
AGE (Ma): 0.78-1.1 Ma AREA (sq. km): 5.58 
PHENOCRYST SIZE: <1.5mm  CHEM TYPE: HAW 
SAMPLES: 844HC, 836GP 
OVERLYING UNITS: Qgh6 
UNDERLYING UNITS: Qye1 (f8629-e) 
REMARKS: Hornblende flow with some quartz, Polarity: R, site 224R 
 
UNIT: Qyl--(f8515-l)--_Flow and cinders of vent 8515 (small cinder cone 2 km ENE of Bog Butte). 
CHARACTERISTICS: 4m thick, alluvial covered, locally dissected with low relief hummucks. 
Visual estimate lithology: l 
AGE (Ma): 0.50-1.05 AREA (sq. km): 5.88 
PHENOCRYST SIZE: <1mm CHEM TYPE: HAW 
SAMPLES: 814HC 
OVERLYING UNITS: Qhh2, Qyd2 (f8514 ?) 
UNDERLYING UNITS: Qyg2 (f8501B-gd), Qyc4 (f8516-c), Qyb2 (F8521A-b), Qyg4 
(F8521B-gb) 
REMARKS: Plagioclase 2bar, felty groundmass, regular small phenocrysts (less than 1mm), 
intermittent black pyroxene, Polarity:  I, site 216I (3P,2N cores,2 bad) 
 
UNIT: Tyl--(F7606B-l)--_Flow with no vent north of Bar H Spring. 
CHARACTERISTICS: Alluvial covered locally, where flow top exposed rough. Visual Estimate 
Lithology: Abundant, large plag, ol, px 
AGE (Ma): 9?  AREA (sq. km): 0.19 
PHENOCRYST SIZE: plag up to 1.5cm, px <3/4mm, ol <3/4mm CHEM TYPE: Trachy-Andesite 
SAMPLES: 847HC 
OVERLYING UNITS:Qyc6 ( f7605-cg), Qya2 (f8635B-a) 
UNDERLYING UNITS: 
REMARKS: Plag porphory. “Boogersnot”, possible source Mt Baldy. 
 
UNIT: Qyp1--_Cinders of vent 8632A. 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.8-1.6_ AREA (sq. km): 0.5 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 









	   101	  
UNIT: Qyp2--_Cinders of vent 8632B. 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.8-1.6_ AREA (sq. km): 0.5 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp3--_Cinders of vent 8621 
CHARACTERISTICS: Vent of indeterminate lithology 
AGE (Ma): 1-1.4 Ma AREA (sq. km): 0.48 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp4--_Cinders of vent 8616 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 1-1.4 Ma AREA (sq. km): 0.97 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp5--_Cinders of vent 8529 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.84-1.45_-AREA (sq. km): - - - 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp6--_Cinders of vent 8513 (Brown Butte). 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.8-1.4_ AREA (sq. km): 0.5 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp7--_Cinders of vent 8501A, 1 km southwest of CC Lake. 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.8-1.4 Ma AREA (sq. km): 0.85 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
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UNIT: Qyp8--_Cinders of vent 8502, 1km east of Yellow Jacket Cienega. 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.75-1.3_-Ma AREA (sq. km): 0.42 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qpy9--_Cinders of vent 8511 north of Elk Springs Cienega. 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.75-1.3_-AREA (sq. km): 0.63 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp10--_Cinders of vent 8508B (eastern Brushy Mountain, N of Penrod Burn. 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.5-1.3 Ma AREA (sq. km): 0.51 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp11--_Cinders of vent 8523 (Bog Butte) 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.6-1.0_-AREA (sq. km): 0.83 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - - - 
REMARKS: - - - 
 
UNIT: Qyp12--_Cinders of vent 8617 (Soldier Butte). 
CHARACTERISTICS: Vent of indeterminate lithology. 
AGE (Ma): 0.3-0.9 Ma AREA (sq. km): 1.52 
PHENOCRYST SIZE: - - - CHEM TYPE: - - - 
SAMPLES: - - - 
OVERLYING UNITS: --_- 
UNDERLYING UNITS: - -  
	  
	   103	  
APPENDIX	  C	  	  
WHOLE	  ROCK	  GEOCHEMISTRY	  
	  
Sample	   810MC	   811HC	   812BB	   813BB	  
Preliminary	  Unit	  
Name	   Qlh8	   F8508A	   F9533A	   F8503	  
Unit	  Name	   Qlh8	   Qyc5	   Qyd1	   Qyc4	  
Latitude	   34.09583333	   34.10041667	   34.13316667	   34.1255	  
Longitude	   -­‐109.752733	   -­‐109.7411	   -­‐109.712166	   -­‐109.69583	  
SiO2	   47.37	   47.41	   48.38	   48.55	  
TiO2	   2.47	   1.78	   1.96	   1.92	  
Al2O3	   17.45	   16.06	   17.73	   16.40	  
Fe2O3(t)	   12.23	   11.06	   11.31	   11.05	  
MnO	   0.18	   0.18	   0.20	   0.17	  
MgO	   5.16	   6.94	   3.85	   7.29	  
CaO	   7.92	   8.21	   7.68	   8.17	  
Na2O	   4.33	   3.62	   4.28	   3.69	  
K2O	   1.58	   1.54	   1.76	   1.73	  
P2O5	   0.65	   0.49	   0.96	   0.58	  
Zr	   222	   203	   280	   226	  
Y	   28	   26	   30	   25	  
Ni	   329	   337	   305	   375	  
Sc	   17	   23	   12	   20	  
Cr	   161	   384	   119	   310	  
Sr	   836	   630	   1197	   731	  
Ba	   436	   590	   1042	   479	  
Zn	   62	   77	   79	   67	  
V	   169	   180	   125	   168	  
	  	  Th	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	  	   35	   40	   26	   38	  
	  	  Pb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   46	   61	   34	   50	  
Ga	   -­‐	   -­‐	   -­‐	   -­‐	  
	  
	   104	  
Sample	   814HC	   815HC	   816HC	   817HC	  
Preliminary	  
Unit	  Name	   F8515	   f8521A	   f8521A	   F8514	  
Unit	  Name	   Qyl1	   Qyb2	   Qyb2	   Qyd2	  
Latitude	   34.07243333	   34.06956667	   34.07386667	   34.07386667	  
Longitude	   -­‐109.728483	   -­‐109.7229	   -­‐109.709383	   -­‐109.709383	  
SiO2	   47.86	   48.05	   47.01	   47.42	  
TiO2	   2.51	   1.94	   1.94	   2.18	  
Al2O3	   17.11	   15.75	   15.79	   16.50	  
Fe2O3(t)	   11.88	   13.50	   13.32	   12.45	  
MnO	   0.18	   0.19	   0.19	   0.18	  
MgO	   5.88	   9.06	   8.63	   7.52	  
CaO	   8.29	   9.41	   9.37	   9.94	  
Na2O	   4.02	   3.20	   3.30	   3.41	  
K2O	   1.71	   0.73	   0.74	   0.96	  
P2O5	   0.57	   0.36	   0.37	   0.45	  
Zr	   251	   487	   305	   149	  
Y	   27	   26	   26	   26	  
Ni	   309	   411	   386	   252	  
Sc	   21	   26	   26	   27	  
Cr	   202	   359	   344	   217	  
Sr	   799	   476	   492	   616	  
Ba	   375	   288	   298	   471	  
Zn	   56	   81	   82	   70	  
V	   184	   221	   220	   231	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   36	   48	   49	   43	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   46	   87	   83	   55	  







	   105	  
	  
Sample	   818HC	   819HC	   820HC	   821HC	  
Preliminary	  
Unit	  Name	   Qgb2	   F8509B	   F8501B	   f8509A	  
Unit	  Name	   Qgb2	   Qyc2	   Qyg2	   Qya1	  
Latitude	   34.0703	   34.11036667	   34.10893333	   34.10543333	  
Longitude	   -­‐109.66863	   -­‐109.703833	   -­‐109.7046	   -­‐109.718183	  
SiO2	   47.05	   47.08	   52.94	   48.30	  
TiO2	   2.40	   2.03	   1.48	   2.04	  
Al2O3	   15.25	   15.06	   18.62	   16.62	  
Fe2O3(t)	   12.25	   11.68	   9.72	   11.25	  
MnO	   0.18	   0.17	   0.16	   0.17	  
MgO	   9.55	   10.15	   2.82	   7.90	  
CaO	   10.22	   9.12	   5.91	   8.88	  
Na2O	   3.18	   3.15	   5.19	   3.62	  
K2O	   1.16	   1.31	   2.69	   1.72	  
P2O5	   0.41	   0.52	   0.98	   0.66	  
Zr	   161	   350	   338	   224	  
Y	   25	   24	   25	   24	  
Ni	   406	   507	   306	   719	  
Sc	   29	   26	   8	   21	  
Cr	   525	   559	   131	   510	  
Sr	   567	   630	   1034	   787	  
Ba	   327	   372	   542	   415	  
Zn	   67	   71	   75	   69	  
V	   241	   209	   69	   182	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   48	   48	   20	   39	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   72	   66	   25	   58	  






	   106	  
Sample	   822HC	   823HC	   824HC	   825HC	  
Preliminary	  
Unit	  Name	   f8509A	   F8507	   f8516	   F8534	  
Unit	  Name	   Qya1	   Qyb3	   Qyc3	   Qya3	  
Latitude	   34.10368333	   34.1011	   34.1662	   34.1662	  
Longitude	   -­‐109.710483	   -­‐109.742266	   -­‐109.702016	   -­‐109.702016	  
SiO2	   49.25	   48.19	   52.24	   46.57	  
TiO2	   2.13	   1.87	   1.79	   2.24	  
Al2O3	   17.49	   15.99	   16.23	   16.45	  
Fe2O3(t)	   11.14	   11.46	   10.13	   12.18	  
MnO	   0.18	   0.18	   0.16	   0.19	  
MgO	   6.13	   8.78	   6.66	   6.81	  
CaO	   8.29	   9.64	   6.81	   9.46	  
Na2O	   4.22	   3.16	   4.02	   3.46	  
K2O	   2.07	   1.24	   2.51	   1.31	  
P2O5	   0.47	   0.73	   0.42	   0.55	  
Zr	   179	   259	   262	   182	  
Y	   26	   26	   24	   27	  
Ni	   364	   334	   348	   237	  
Sc	   27	   19	   20	   24	  
Cr	   490	   251	   333	   219	  
Sr	   598	   796	   506	   686	  
Ba	   649	   408	   549	   407	  
Zn	   75	   63	   72	   71	  
V	   221	   160	   179	   222	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   45	   33	   35	   39	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   69	   47	   56	   62	  







	   107	  
	  
Sample	   826HC	   827HC	   828HC	   829HC	  
Preliminary	  
Unit	  Name	   F8501B	   Qgb2	   Qgh6	   F8619A	  
Unit	  Name	   Qyg2	   Qgb2	   Qgh6	   Qya4	  
Latitude	   34.08521667	   34.09553333	   34.08566667	   34.07355	  
Longitude	   -­‐109.674633	   -­‐109.631716	   -­‐109.634783	   -­‐109.645116	  
SiO2	   47.77	   47.55	   47.51	   46.27	  
TiO2	   2.03	   2.23	   2.21	   2.25	  
Al2O3	   16.30	   16.37	   17.54	   15.63	  
Fe2O3(t)	   11.91	   11.31	   12.20	   11.66	  
MnO	   0.18	   0.18	   0.19	   0.18	  
MgO	   7.13	   7.24	   4.26	   8.62	  
CaO	   9.12	   9.28	   7.84	   11.45	  
Na2O	   3.72	   3.91	   4.32	   3.25	  
K2O	   1.36	   1.84	   1.67	   1.40	  
P2O5	   0.52	   0.61	   0.94	   0.51	  
Zr	   174	   203	   238	   145	  
Y	   25	   25	   30	   24	  
Ni	   243	   450	   436	   296	  
Sc	   23	   22	   14	   28	  
Cr	   365	   359	   150	   427	  
Sr	   593	   818	   1331	   747	  
Ba	   406	   516	   745	   578	  
Zn	   81	   63	   86	   65	  
V	   193	   205	   158	   270	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   40	   38	   31	   44	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   73	   60	   42	   73	  






	   108	  
	  
Sample	   830MC	   831HC	   832BB	   833HC	  
Preliminary	  
Unit	  Name	   Qlh8	   Qlg1	   Qlg1	   F8510A	  
Unit	  Name	   Qlh8	   Qlg1	   Qlg1	   Qyg1	  
Latitude	   34.0965	   34.12205	   34.12795	   34.10311667	  
Longitude	   -­‐109.75253	   -­‐109.74685	   -­‐109.74863	   -­‐109.70103	  
SiO2	   48.86	   48.05	   53.21	   48.22	  
TiO2	   2.26	   2.38	   1.65	   1.99	  
Al2O3	   17.70	   16.74	   15.77	   15.24	  
Fe2O3(t)	   10.80	   12.00	   8.26	   11.60	  
MnO	   0.19	   0.18	   0.16	   0.17	  
MgO	   5.77	   7.28	   4.70	   9.83	  
CaO	   9.73	   9.51	   7.52	   8.70	  
Na2O	   3.52	   3.74	   4.05	   3.49	  
K2O	   1.48	   1.37	   2.27	   1.41	  
P2O5	   0.54	   0.48	   0.54	   0.56	  
Zr	   177	   183	   186	   201	  
Y	   29	   25	   25	   23	  
Ni	   195	   335	   324	   425	  
Sc	   24	   26	   19	   23	  
Cr	   102	   248	   202	   553	  
Sr	   840	   652	   597	   678	  
Ba	   978	   354	   438	   430	  
Zn	   62	   69	   52	   74	  
V	   255	   223	   162	   193	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   35	   43	   26	   46	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   51	   70	   35	   57	  






	   109	  
	  
Sample	   834HC	   835GP	   836HC	   837HC	  
Preliminary	  
Unit	  Name	   f8521B	   Qgj2	   Qgh6	   F8619B	  
Unit	  Name	   Qyg4	   Qgj2	   	  	   Qyg3	  
Latitude	   34.07251667	   34.15535	   34.04506667	   34.06636667	  
Longitude	   -­‐109.7057	   -­‐109.56305	   -­‐109.614816	   -­‐109.644483	  
SiO2	   46.96	   49.00	   49.90	   47.45	  
TiO2	   1.52	   1.52	   2.50	   1.55	  
Al2O3	   15.52	   14.87	   17.54	   16.10	  
Fe2O3(t)	   13.56	   9.68	   12.46	   13.34	  
MnO	   0.20	   0.15	   0.22	   0.19	  
MgO	   8.84	   8.05	   4.63	   8.63	  
CaO	   9.82	   7.98	   8.27	   9.84	  
Na2O	   2.82	   3.59	   4.14	   2.78	  
K2O	   0.42	   1.46	   1.65	   0.50	  
P2O5	   0.20	   0.37	   1.00	   0.25	  
Zr	   83	   150	   258	   88	  
Y	   25	   20	   38	   25	  
Ni	   428	   485	   229	   397	  
Sc	   32	   23	   18	   31	  
Cr	   360	   447	   102	   358	  
Sr	   272	   532	   1170	   334	  
Ba	   201	   457	   1030	   270	  
Zn	   91	   63	   84	   89	  
V	   248	   172	   189	   251	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   51	   39	   33	   51	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   119	   55	   77	   100	  






	   110	  
	  
Sample	   838HC	   839HC	   840HC	   841HC	  
Preliminary	  
Unit	  Name	   F8508C	   Qgh6	   f8630	   f8509A	  
Unit	  Name	   Qyd3	   Qhg6	   Qyg5	   Qya1	  
Latitude	   34.10741667	   34.06135	   34.04703333	   34	  
Longitude	   -­‐109.738717	   -­‐109.6549	   -­‐109.668117	   -­‐109.5	  
SiO2	   48.83	   50.23	   50.01	   49.53	  
TiO2	   1.87	   2.06	   2.18	   1.94	  
Al2O3	   16.20	   17.98	   16.10	   16.63	  
Fe2O3(t)	   11.02	   10.35	   11.75	   10.95	  
MnO	   0.17	   0.17	   0.18	   0.17	  
MgO	   6.10	   3.55	   7.73	   7.56	  
CaO	   7.81	   6.68	   8.85	   8.36	  
Na2O	   3.94	   4.61	   3.73	   3.91	  
K2O	   1.55	   2.19	   1.57	   1.76	  
P2O5	   0.52	   0.72	   0.59	   0.70	  
Zr	   195	   261	   183	   232	  
Y	   24	   26	   25	   23	  
Ni	   283	   248	   490	   421	  
Sc	   19	   11	   23	   20	  
Cr	   292	   100	   453	   402	  
Sr	   568	   940	   682	   791	  
Ba	   354	   583	   441	   431	  
Zn	   70	   55	   66	   72	  
V	   164	   119	   193	   176	  
	  	  Th	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  U	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Nb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Rb	  	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Co	   35	   25	   41	   39	  
	  	  Pb	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  La	  	   -­‐	   -­‐	   -­‐	   -­‐	  
Ce	   -­‐	   -­‐	   -­‐	   -­‐	  
Cu	   52	   25	   65	   54	  






	   111	  
Sample	   842HC	   843HC	   844HC	   845HC	  
Preliminary	  Unit	  
Name	   F8521B	   f7606	   f8628	   f8629-­‐e	  
Unit	  Name	   Qyg4	   Qyf1	   Qyk	   Qye1	  
Latitude	   34.06908	   34.03867	   34.05468	   34.04235	  
Longitude	   -­‐109.74163	   -­‐109.65159	   -­‐109.62371	   -­‐109.64256	  
SiO2	   47.1	   51.4	   48.9	   47.2	  
TiO2	   1.94	   2	   2.45	   2.33	  
Al2O3	   15.56	   15.97	   17.11	   15.3	  
Fe2O3(t)	   13.09	   11.01	   11.98	   12.2	  
MnO	   0.19	   0.16	   0.21	   0.18	  
MgO	   9.26	   5.34	   4.49	   9.8	  
CaO	   8.59	   7.46	   8.01	   8.34	  
Na2O	   3.51	   3.81	   4.35	   3.64	  
K2O	   0.94	   2.03	   1.68	   1.68	  
P2O5	   0.44	   0.95	   0.97	   0.57	  
Zr	   157	   330	   260	   221	  
Y	   24.1	   36.2	   34.7	   23.3	  
Ni	   190	   72	   20	   207	  
Sc	   -­‐	   -­‐	   -­‐	   -­‐	  
Cr	   267	   92	   10	   335	  
Sr	   370	   1118	   1038	   310	  
Ba	   366	   1109	   1028	   309	  
Zn	   90	   107	   92	   85	  
V	   187	   160	   162	   188	  
	  	  Th	   4	   4	   12	   4	  
	  	  U	  	   0	   0	   0	   0	  
	  	  Nb	  	   28.3	   20.0	   84.2	   40.3	  
	  	  Rb	  	   6.4	   35.6	   14.0	   10.9	  
	  	  Co	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Pb	   4	   10	   10	   4	  
	  	  La	  	   25	   53	   87	   30	  
Ce	   52	   120	   160	   68	  
Cu	   -­‐	   -­‐	   -­‐	   -­‐	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Sample	   846HC	   847HC	   848GP	   849HC	  
Preliminary	  Unit	  
Name	   f8629-­‐e	   F7606B	   f8635B	   f7611	  
Unit	  Name	   Qye1	   Tyl1	   Qya2	   Qyh3	  
Latitude	   34.06223	   34.02976	   34.02574	   34.0186	  
Longitude	   -­‐109.6266	   -­‐109.63998	   -­‐109.59548	   -­‐109.5958	  
SiO2	   46.7	   56.7	   51.5	   46.9	  
TiO2	   2.21	   1.26	   1.72	   1.56	  
Al2O3	   15.75	   17.22	   15.48	   14.72	  
Fe2O3(t)	   11.83	   8.1	   10.58	   13.31	  
MnO	   0.18	   0.19	   0.18	   0.19	  
MgO	   9.29	   1	   7.39	   11.22	  
CaO	   9.49	   2.55	   7.13	   9.11	  
Na2O	   3.17	   4.92	   4.01	   2.77	  
K2O	   1.36	   5.66	   2.02	   0.51	  
P2O5	   0.56	   0.53	   0.39	   0.26	  
Zr	   204	   1349	   204	   106	  
Y	   25.4	   55.7	   25.1	   22.1	  
Ni	   153	   8	   138	   288	  
Sc	   -­‐	   -­‐	   -­‐	   -­‐	  
Cr	   300	   3	   232	   423	  
Sr	   517	   971	   399	   306	  
Ba	   511	   	  	   401	   311	  
Zn	   80	   134	   78	   97	  
V	   203	   8	   156	   186	  
	  	  Th	   7	   43	   8	   4	  
	  	  U	  	   0	   4	   0	   1	  
	  	  Nb	  	   46.7	   229.8	   51.2	   22.3	  
	  	  Rb	  	   7.9	   257.4	   22.9	   3.2	  
	  	  Co	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Pb	   5	   20	   8	   3	  
	  	  La	  	   42	   125	   39	   23	  
Ce	   78	   256	   67	   37	  
Cu	   -­‐	   -­‐	   -­‐	   -­‐	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Sample	   850HC	   851HC	   852HC	   853HC	  
Preliminary	  Unit	  
Name	   f7614	   f7605	  
Unit	  Name	   Qyh4	   Qyc6	  






Latitude	   34.00753	   34.02991	   34.0282	   34.0286	  
Longitude	   -­‐109.58218	   -­‐109.6263	   -­‐109.6886	   -­‐109.68989	  
SiO2	   51.8	   50.1	   47.8	   46.3	  
TiO2	   1.44	   1.95	   2.33	   2.18	  
Al2O3	   15.51	   15.72	   16.64	   15.52	  
Fe2O3(t)	   10.83	   11.01	   12.3	   13.15	  
MnO	   0.17	   0.18	   0.19	   0.19	  
MgO	   7.31	   8	   6.33	   9.12	  
CaO	   7.7	   6.91	   7.98	   10.69	  
Na2O	   3.92	   3.63	   4.11	   2.96	  
K2O	   1.48	   2.03	   1.54	   0.72	  
P2O5	   0.33	   0.44	   0.81	   0.32	  
Zr	   191	   226	   237	   133	  
Y	   22.2	   25.0	   29.6	   22.5	  
Ni	   163	   155	   56	   106	  
Sc	   -­‐	   -­‐	   -­‐	   -­‐	  
Cr	   287	   248	   127	   244	  
Sr	   482	   381	   555	   245	  
Ba	   482	   380	   558	   246	  
Zn	   88	   79	   75	   87	  
V	   150	   161	   145	   236	  
	  	  Th	   8	   8	   6	   3	  
	  	  U	  	   0	   0	   0	   0	  
	  	  Nb	  	   43.7	   52.7	   48.7	   23.4	  
	  	  Rb	  	   14.6	   19.6	   9.8	   4.4	  
	  	  Co	   -­‐	   -­‐	   -­‐	   -­‐	  
	  	  Pb	   7	   8	   4	   2	  
	  	  La	  	   35	   45	   43	   18	  
Ce	   63	   77	   88	   38	  
Cu	   -­‐	   -­‐	   -­‐	   -­‐	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Sample	   854HC	   855HC	   856GP	  
Preliminary	  Unit	  
Name	   f7512	   f7607	   Qpc4	  
Unit	  Name	   Qyc8	   Qyf2	   Qpc4	  
Latitude	   34.029	   34.02396	   34.02029	  
Longitude	   -­‐109.6892	   -­‐109.64397	   -­‐109.57197	  
SiO2	   49.5	   46.6	   47	  
TiO2	   1.99	   2.27	   2.35	  
Al2O3	   16.22	   16.24	   15.86	  
Fe2O3(t)	   10.14	   12.38	   11	  
MnO	   0.17	   0.18	   0.17	  
MgO	   7.42	   8.06	   8.71	  
CaO	   8.85	   10.61	   9.11	  
Na2O	   3.85	   3.13	   3.31	  
K2O	   1.74	   0.95	   1.61	  
P2O5	   0.57	   0.53	   0.52	  
Zr	   205	   147	   214	  
Y	   23.9	   24.9	   22.2	  
Ni	   99	   93	   136	  
Sc	   -­‐	   -­‐	   -­‐	  
Cr	   274	   247	   281	  
Sr	   571	   360	   381	  
Ba	   575	   359	   373	  
Zn	   67	   81	   69	  
V	   171	   214	   199	  
	  	  Th	   7	   3	   4	  
	  	  U	  	   0	   0	   0	  
	  	  Nb	  	   54.7	   31.7	   41.0	  
	  	  Rb	  	   17.8	   5.9	   11.1	  
	  	  Co	   -­‐	   -­‐	   -­‐	  
	  	  Pb	   5	   2	   4	  
	  	  La	  	   42	   26	   30	  
Ce	   79	   50	   63	  
Cu	   -­‐	   -­‐	   -­‐	  
Ga	   18	   19	   19	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APPENDIX	  D	  	  
THIN	  SECTION	  DESCRIPTIONS	  
	  
Descriptions	  for	  samples	  810MC,	  811HC,	  813BB,	  816HC,	  819HC,	  820HC,	  823HC,	  




Most	  plagioclase	  phenocrysts	  are	  under	  3mm	  in	  size,	  but	  a	  few	  are	  over	  and	  one	  is	  
larger	  than	  1.5cm.	  Some	  zoning	  in	  plagioclase	  grains.	  Olivine	  is	  mostly	  small	  but	  a	  




Plagioclase	  dominated	  matrix,	  with	  some	  fabric.	  Iddingsite	  alteration	  on	  olivines.	  
Olivines	  up	  to	  5mm.	  
	  
Sample	  813BB	  
Grains	  range	  from	  0.3	  to	  4mm	  and	  consist	  of	  plagioclase,	  olivine	  and	  clinopyroxene.	  	  
Fine	  grained	  opaques	  and	  plagioclase	  laths	  in	  matrix	  as	  well	  as	  some	  iddingsite.	  
Some	  fabric	  in	  matrix	  around	  phenocrysts.	  	  
	  
Sample	  816HC	  
Heavily	  fractured	  olivines	  are	  the	  only	  large	  phenocrysts	  visible.	  Some	  have	  
iddingsite	  cores.	  Some	  plagioclases	  are	  intergrown	  with	  olivine	  grains.	  Plagioclase	  
and	  pyroxene	  dominated	  matrix	  which	  contains	  visible	  plagioclase	  laths.	  
	  
Sample	  819HC	  
Olivine	  is	  the	  most	  abundance	  phenocryst	  and	  is	  up	  to	  4mm	  in	  size.	  	  Clinopyroxenes	  
are	  mostly	  small	  (<1/3mm)	  but	  some	  up	  to	  1/2mm.	  Plagioclase/opaque	  dominated	  
matrix.	  Some	  fabric	  observed	  in	  plagioclase	  laths.	  
	  
Sample	  820HC	  
Some	  large	  opaques	  and	  plagioclases	  (up	  to	  over	  2mm).	  There	  are	  few	  olivine	  
phenocrysts	  that	  are	  generally	  less	  than	  1/3mm.	  	  Clinopyroxene	  is	  sparse	  with	  one	  




About	  75%	  of	  phenocrysts	  are	  pyroxene	  and	  25%	  are	  olivine.	  	  Olivines	  are	  heavily	  
altered	  to	  iddingsite.	  Plagioclase	  dominated	  matrix	  with	  some	  iddingsite.	  Plagioclase	  
flow	  fabric,	  with	  many	  laths	  aligned.	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Sample	  824HC	  




Some	  large	  pyroxenes	  (3mm+).	  Olivines	  up	  to	  2mm.	  Some	  glomerocrysts,	  comprised	  
of	  olivine/pyroxene/opaques.	  Plagioclase/opaque	  matrix.	  
	  
Sample	  832HC	  
Mostly	  aphyric,	  with	  small	  glomerocrysts	  comprised	  mostly	  of	  olivine.	  Large	  broken	  
pyroxene,	  with	  pyroxene,	  olivine,	  opaques	  inside.	  Slightly	  zoned	  olivines.	  Pyroxene	  
and	  plagioclase	  matrix.	  
	  
Sample	  833HC	  
Phenocrysts	  are	  mainly	  olivine	  and	  clinopyroxene	  with	  some	  orthopyroxene	  and	  




Plagioclase	  grains	  up	  to	  6mm	  long.	  Olivines	  up	  to	  5mm.	  	  Also	  contains	  smaller	  
amounts	  of	  clinopyroxene	  and	  orthopyroxene.	  	  Matrix	  is	  fairly	  coarse	  grained	  and	  I	  
dominantly	  plagioclase	  with	  smaller	  amounts	  of	  olivine.	  
	  
Sample	  837HC	  
Plagioclase	  is	  the	  dominant	  phenocryst	  with	  laths	  sometimes	  longer	  than	  2.5mm.	  	  
Olivines	  are	  up	  to	  5mm	  in	  size.	  	  Clinopyroxene	  phenocrysts	  are	  also	  present.	  	  The	  
matrix	  consists	  of	  plagioclase	  and	  pyroxene.	  
	  
Sample	  840HC	  
Plagioclase	  grains	  up	  to	  3.8mm.	  Olivine	  grains	  up	  to	  2mm	  but	  are	  generally	  small.	  	  
Clinopyroxene	  and	  orthopyroxene	  are	  also	  present	  and	  are	  also	  generally	  small.	  	  
There	  are	  abundant	  small	  opaque	  minerals.	  Occasional	  glomerocrysts,	  comprised	  




Olivines	  up	  to	  2mm.	  Plagioclase	  grains	  up	  to	  4mm.	  Zoning	  present	  in	  both	  
plagioclase	  and	  olivine.	  
	  
Sample	  842HC	  
Olivine	  up	  to	  1.8mm,	  clinopyroxene	  up	  to	  2mm	  and	  plagioclase	  up	  to	  0.75mm.	  	  
Matrix	  dominated	  by	  plagioclase	  and	  also	  includes	  pyroxene,	  and	  approximately	  




	   117	  
Sample	  843HC	  
Consists	  largely	  of	  plagioclase	  laths,	  predominately	  1.2mm	  long	  with	  a	  few	  grains	  
slightly	  over	  1.2mm.	  	  Several	  plagioclase	  grains	  are	  interconnected.	  	  Olivine	  shows	  
variable	  degrees	  of	  replacement	  with	  iddingsite.	  	  Those	  that	  are	  not	  replaced	  are	  
generally	  small	  and	  are	  less	  than	  1/3mm.	  	  Those	  with	  iddingsite	  rims	  are	  up	  to	  
1.3mm	  in	  size.	  	  Clinopyroxene	  is	  sparse	  and	  is	  generally	  under	  1/3mm.	  	  Very	  small	  
(<1/8mm)	  opaque	  minerals	  are	  scattered	  throughout.	  	  Matrix	  is	  very	  fine	  grained	  
and	  largely	  indeterminate.	  
	  
Sample	  844HC	  
Fairly	  fine	  grained.	  	  Plagioclase	  laths	  are	  up	  to	  1/3mm	  in	  size	  while	  some	  
plagioclase	  phenocrysts	  get	  up	  to	  1/2mm	  in	  size.	  	  Many	  plagioclase	  grains	  are	  
aligned,	  showing	  a	  flow	  fabric.	  	  Several	  plagioclase	  crystals	  also	  exhibit	  zoning.	  	  
Olivines	  are	  scattered	  and	  small	  (<1/3mm).	  	  	  Opaque	  minerals	  are	  fairly	  large.	  The	  
matrix	  consists	  of	  plagioclase	  and	  olivine.	  
	  
Sample	  845HC	  
Predominate	  phenocrysts	  are	  pyroxenes.	  	  In	  general,	  clinopyroxene	  is	  less	  than	  
1/2mm	  in	  size.	  	  There	  is	  some	  large	  orthopyroxene,	  up	  to	  2mm.	  	  Plagioclase	  is	  less	  
abundant	  than	  pyroxene	  and	  ranges	  in	  size	  up	  to	  0.75mm.	  	  The	  matrix	  is	  comprised	  
of	  plagioclase	  and	  clinopyroxene.	  
	  
Sample	  846HC	  
Clinopyroxene	  phenocrysts	  up	  to	  1mm	  in	  size.	  	  Olivine	  ranges	  up	  to	  0.75mm.	  	  There	  
are	  lots	  of	  small	  plagioclase	  laths.	  	  Many	  crystals	  are	  intergrown.	  	  The	  matrix	  likely	  
consists	  of	  plagioclase	  and	  pyroxene.	  
	  
Sample	  847HC	  
Large	  plagioclase	  phenocrysts	  up	  to	  1.5cm.	  	  Fewer	  olivine	  and	  pyroxene	  
phenocrysts	  are	  present	  that	  are	  less	  than	  0.75mm	  in	  size.	  
	  
Sample	  848GP	  
Olivine	  dominated	  basalt.	  	  Olivine	  ranges	  up	  to	  0.75mm	  in	  size	  but	  a	  lot	  is	  very	  small	  
(<1/15mm).	  	  Several	  olivines	  show	  alteration	  to	  iddingsite.	  	  Plagioclase	  is	  very	  small	  
(<1/10mm).	  	  The	  matrix	  consists	  of	  olivine	  and	  plagioclase.	  
	  
Sample	  849GP	  
Most	  plagioclase	  laths	  are	  less	  than	  3/4mm	  but	  some	  are	  up	  to	  2mm.	  	  Olivine	  ranges	  
in	  size	  up	  to	  1.5mm	  and	  most	  exhibit	  at	  least	  iddingsite	  rims.	  	  There	  is	  a	  fair	  amount	  
of	  small,	  scattered	  opaques.	  	  The	  matrix	  consists	  of	  olivine	  and	  plagioclase.	  
	  
Sample	  850GP	  
Olivine	  is	  fairly	  fractured	  and	  is	  up	  to	  1mm	  in	  size.	  	  A	  lot	  shows	  iddingsite	  alteration	  
or	  has	  iddingsite	  in	  the	  fractures.	  	  There	  is	  sparse,	  small	  pyroxenes.	  	  Plagioclase	  
laths	  are	  less	  than	  0.5mm.	  	  There	  are	  few	  opaque	  minerals.	  	  This	  sample	  is	  fairly	  
vesicular.	  The	  matrix	  consists	  of	  olivine	  and	  plagioclase.	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Sample	  851HC	  
In	  general,	  most	  phenocrysts	  are	  less	  than	  1/3mm	  in	  size.	  	  There	  are	  very	  few	  
plagioclase	  phenocrysts	  than	  range	  up	  to	  2/5mm	  although	  most	  is	  small.	  	  
Clinopyroxene	  and	  olivine	  also	  are	  predominately	  less	  than	  1/3mm	  but	  few	  are	  up	  




Most	  phenocrysts	  are	  under	  1/3mm	  in	  size	  and	  include	  clinopyroxene,	  olivine	  and	  
plagioclase	  laths.	  	  There	  is	  an	  abundance	  of	  very	  small	  opaque	  minerals.	  	  Consists	  
approximately	  of	  50%	  matrix.	  
	  
Sample	  853HC	  
Large	  plagioclase	  phenocrysts	  up	  to	  1.1mm.	  	  There	  are	  lots	  of	  small	  opaque	  minerals	  
that	  range	  up	  to	  approximately	  1/10mm.	  	  Olivine	  is	  up	  to	  1.1mm	  in	  size	  and	  is	  either	  
completely	  altered	  to	  iddingiste	  or	  show	  iddingsite	  rims.	  
	  
Sample	  854HC	  
Olivine	  is	  generally	  small	  (<1/3mm)	  with	  a	  few	  slightly	  over	  1/3mm	  and	  two	  up	  to	  
1.2mm	  in	  size.	  	  Clinopyroxene	  is	  up	  to	  0.75mm	  and	  orthopyroxene	  ranges	  between	  
0.75mm	  and	  1.5mm	  in	  size.	  	  Very	  small	  opaque	  minerals	  (<1/10mm)	  are	  scattered	  
throughout.	  	  There	  are	  some	  small	  plagioclase	  laths	  that	  are	  less	  than	  1/3mm.	  	  The	  
matrix	  is	  fine	  grained	  and	  likely	  consists	  of	  plagioclase	  and	  pyroxene.	  
	  
Sample	  855HC	  
Plagioclase	  up	  to	  1mm,	  clinopyroxene	  up	  to	  0.55mm,	  orthopyroxene	  up	  to	  0.75mm	  
and	  olivine	  up	  to	  1.2mm.	  	  There	  is	  lots	  of	  very	  small	  opaque	  minerals.	  	  Olivine	  is	  
often	  intergrown	  with	  plagioclase	  and	  it	  appears	  as	  though	  the	  olivine	  crystallized	  
first.	  	  Matrix	  consists	  largely	  of	  opaque	  minerals	  and	  clinopyroxene.	  
	  
Sample	  856GP	  
Phenocrysts	  are	  predominately	  under	  1/3mm	  in	  size.	  	  Some	  olivine	  is	  up	  to	  1/2mm	  
and	  few	  clinopyroxene	  crystals	  are	  up	  to	  1mm.	  	  Many	  olivines	  are	  altered	  to	  
iddingsite	  or	  have	  iddingsite	  rims.	  	  There	  is	  an	  abundance	  of	  small	  (<1/5mm)	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APPENDIX	  E	  	  
	  PALEOMAGNETIC	  DATA	  
Paleomagnetic	  sites	  from	  2010	  and	  2011	  and	  their	  magneto-­‐polarity.	  	  Normal	  
polarity	  is	  indicated	  by	  “N”,	  reversed	  by	  the	  letter	  “R”	  and	  those	  with	  indeterminate	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Average	  declination	  and	  inclination	  for	  each	  core	  within	  the	  sites	  that	  have	  
consistent	  and	  well-­‐behaved	  magneto-­‐polarity	  data.	  	  Sites	  with	  conflicting	  




Reversed Declination Inclination DV MAD 
AZ213-18 N 337.3 48 1.53E-03 4.89 
AZ213-19 N 321.3 55.4 8.40E-04 4.71 
AZ213-20 N 334.8 49.7 1.23E-03 2.93 
AZ213-21 N 316 56.1 9.79E-04 4.4 
AZ213-22 N 324.2 67.5 1.06E-03 1.87 
      
AZ215-34 N 68.1 21.2 3.62E-04 3.64 
AZ215-35 N 56.7 15.5 9.99E-04 3.62 
AZ215-37 N 23.8 29.2 8.62E-04 3.8 
AZ215-38 N 40.4 15 1.25E-03 3.14 
AZ215-39 N 37.9 29.7 5.51E-04 3.81 
AZ215-40 N 19.1 39.6 1.02E-03 4.91 
      
AZ217-50 R 225.8 -32.4 1.38E-03 3.3 
AZ217-51 R 172.8 -58.4 1.26E-03 3 
AZ217-52 R 176.6 -48.8 7.71E-04 1.94 
AZ217-53 R 137 -40.1 9.53E-04 4.23 
AZ217-54 R 149.7 -47.6 1.17E-03 3.63 
AZ217-55 R 185.7 -37.1 1.29E-03 4.55 
AZ217-57 R 174.9 -47.4 1.11E-03 4.1 
      
AZ218-58 R 195.6 -56.7 2.33E-03 3.43 
AZ218-59 R 199.6 -76.3 7.77E-04 2.85 
AZ218-60 R 225.4 -58.3 1.31E-03 4.17 
AZ218-61 R 180.5 -61 1.39E-03 5 
AZ218-62 R 196.6 -60.3 1.89E-03 4.07 
AZ218-63 R 204.8 -66.2 6.43E-04 4.95 
      
AZ219-66 N 338.9 36.5 1.52E-03 4.49 
AZ219-67 N 349.9 40 1.60E-03 3.77 
AZ219-68 N 351.7 46.8 1.40E-03 2.18 
AZ219-69 N 358.6 47.6 1.52E-03 1.66 
AZ219-70 N 1.8 53.2 1.27E-03 3.02 
AZ219-71 N 359.3 54.6 1.04E-03 4.94 
      
AZ220-77 N 300.6 71 7.58E-04 3.35 
AZ220-79 N 315.9 40.9 9.05E-04 3.53 
AZ220-80 N 319.3 37.8 4.48E-04 4.99 
AZ220-81 N 298.9 37.9 8.09E-04 4.75 
      
AZ222-91 R 154.2 -50.1 4.87E-04 4.36 
AZ222-92 R 144.6 -54.5 3.66E-04 3.02 
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AZ225-115 N 359.1 28.4 3.00E-03 4.83 
AZ225-116 N 354.5 30.4 2.73E-03 2.99 
AZ225-117 N 351.4 29.9 3.02E-03 3.7 
AZ225-122 N 18 38.3 3.15E-03 4.76 
      
AZ226-123 N 348.4 30.7 3.00E-04 3.37 
AZ226-124 N 5.8 54.2 9.47E-04 1.45 
AZ226-125 N 1.3 54.7 1.15E-03 0.99 
      
AZ231-163 R 194.8 -64.2 8.51E-04 4.54 
AZ231-164 R 181.3 -45.6 1.02E-03 3.85 
AZ231-166 R 189.4 -18.5 4.03E-04 4.27 
AZ231-168 R 162 -71.5 1.81E-03 4.8 
      
AZ234-187 N     
AZ234-190 N 39.7 24.4 8.87E-04 4.28 
AZ234-192 N 14.1 55.8 7.29E-04 3.33 
AZ234-194 N 323 36.3 2.20E-04 4.68 
      
AZ236-203 N 342.6 67.7 1.16E-03 4.63 
AZ236-205 N 53.2 50.1 6.16E-04 3.75 
AZ236-207 N 27.4 41.7 2.89E-04 2.93 
AZ236-209 N 1.9 44.7 4.78E-04 1.52 
      
AZ239-226 N 0 35.2 6.02E-04 4.88 
AZ239-228 N 337.6 60.6 1.09E-03 4.81 
AZ239-229 N 286.1 82.2 3.57E-04 3.45 
      
AZ240-234 N 5.3 57.6 1.72E-03 4.27 
AZ240-236 N 2 66.3 1.26E-03 2.67 
AZ240-238 N 300.1 6.6 8.37E-04 3.94 
AZ240-242 N 359.8 74.4 2.94E-04 4.56 
      
AZ241-244 N 71.7 23.8 6.23E-04 2.27 
AZ241-245 N 83.9 9.8 1.02E-03 2.56 
AZ241-248 N 77.1 40.1 5.65E-04 2.56 
AZ241-249 N 79 16.9 9.57E-04 2.63 
      
AZ243-259 N 344.1 66 2.58E-04 4.34 
AZ243-262 N     
AZ243-267 N 10.4 68.3 2.58E-04 4.32 
      
AZ244-268 N 313.7 71.5 5.12E-04 4.05 
AZ244-271 N 326.2 79.7 2.83E-04 4.93 
AZ244-272 N 16.3 59.5 4.42E-04 3.66 
      
AZ246-284 R 254.6 -21.8 1.80E-04 4.52 
AZ246-286 R 156.3 -23.55 5.73E-04 4.57 
AZ246-288 R 206.2 -62.1 4.48E-04 4.73 
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AZ247-293 R 207.7 -56.8 4.04E-04 3.85 
AZ247-295 R 250.5 -44.2 2.80E-04 3.84 
AZ247-299 R 193.5 -40 2.73E-04 4.08 
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Sample	   206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
770SS_Qsa2	   17.578 15.499 37.46 
714SL_QTsfu	   17.704 15.502 37.7 
JC11_Qca	   17.72 15.56 38.71 
715#2_QTsfl	   17.724 15.501 37.61 
771-­‐_Tof	   17.77 15.526 38.52 
PD4_Tof	   17.776 15.502 38.31 
613-­‐_Tof	   17.853 15.512 38.55 
6-­‐8_Tof	   17.876 15.515 37.57 
801C#1_Tof	   17.917 15.521 38.65 
SR6	   17.979 15.512 37.86 
757BB_Qel	   18.083 15.516 38.14 
717MR_Qwg3	   18.1 15.539 38.53 
SR3-­‐87_Qwd1	   18.103 15.537 38.5 
S39-­‐7_Qae2	   18.122 15.529 38.13 
RT4_Qcd8	   18.122 15.529 38.09 
SF-­‐2_Qac4	   18.269 15.527 38.65 
GP1_Qgh3	   18.355 15.528 38.15 
LC1_Qkc6	   18.364 15.489 38.26 
TP6_Qgl3	   18.376 15.538 38.52 
CX2_Qkb1	   18.38 15.55 38.44 
708WK_Qgh7	   18.401 15.559 38.32 
763SM_Qbb3	   18.459 15.547 38.59 
732SN_Qkb2	   18.46 15.546 38.65 
706GP_Qph2	   18.507 15.558 38.56 
PK4_Qpc8	   18.521 15.551 38.61 
CP2_Tac3	   18.544 15.563 38.66 
723SS_Qmb1	   18.643 15.562 38.82 
FC2_Qph2	   18.645 15.568 39 
JC734_Tac1	   18.713 15.56 39.03 
760BB_Qlh3	   18.731 15.589 38.75 
703IP_Tbl	   18.78 15.59 38.69 
SS8_QTwc	   18.798 15.575 38.92 
414MC_Qla3	   18.845 15.577 38.99 
749OM_QTwc	   18.865 15.621 39.15 
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Rb	  and	  Sr	  Data	  
	  
Sample	     Rb  Sr  Rb/Sr 87Sr/86Sr 
770SS_Qsa2	   8.47 337 0.025 0.704873 
714SL_QTsfu	   11.1 318 0.035 0.705715 
JC11_Qca	   8.59 603 0.014 0.703446 
715#2_QTsfl	   10.6 425 0.025 0.704173 
771-­‐_Tof	   17 296 0.057 0.706882 
PD4_Tof	   16.4 335 0.049 0.70632 
613-­‐_Tof	   19 326 0.058 0.70711 
6-­‐8_Tof	   13 742 0.041 0.707356 
SR6	   12.9 294 0.044 0.705774 
757BB_Qel	   33.3 713 0.047 0.703993 
717MR_Qwg3	   5.45 352 0.015 0.705868 
SR3-­‐87_Qwd1	   8 427 0.019 0.705359 
S39-­‐7_Qae2	   17 549 0.031 0.703721 
RT4_Qcd8	   14 564 0.025 0.703629 
SF-­‐2_Qac4	   0.71 490 0.001 0.70438 
GP1_Qgh3	   18 809 0.022 0.70337 
LC1_Qkc6	   12 629 0.019 0.70344 
TP6_Qgl3	   0.63 669 0.001 0.704 
708WK_Qgh7	   18 810 0.022 0.703406 
763SM_Qbb3	   21.3 588 0.036 0.703993 
732SN_Qkb2	   10 501 0.02 0.703742 
PK4_Qpc8	   19 619 0.031 0.704138 
CP2_Tac3	   18 742 0.024 0.70367 
FC2_Qph2	   14 1077 0.013 0.704979 
JC734_Tac1	   17 587 0.029 0.70401 
760BB_Qlh3	     --- 1238  --- --- 
703IP_Tbl	     ---  619  --- --- 
SS8_QTwc	   9.56 919 0.01 0.703735 
414MC_Qla3	   6.76 900 0.008 0.70378 
749OM_QTwc	     --- 1085 0 0.704164 
6-­‐9_Tof	   13 738 0.041 0.707016 
201bL_Qbd2	     ---  ---   --- 0.70605 
215L_QTsfl	     ---  ---   --- 0.70538 
31IP_Qbc1	   13 674 0.019 0.70533 
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237IP_Tbl	     ---  ---   --- 0.70511 
205L_Qbd2	     ---  ---   --- 0.70476 
C1_Qag	   9 463 0.019 0.704389 
6663-­‐_Qkc6	   16 478 0.033 0.704349 
216L_Qbb2	   7 374 0.018 0.70412 
705MC_Qhe	   12.6 1162 0.011 0.704081 
UP2_Qgh6	   22 754 0.029 0.70383 
116LA_Qba	   9 887 0.02 0.70379 
SF1-­‐2_Qcc8	   16 620 0.026 0.703719 
BK1_Qcl2	   5 991 0.005 0.70369 
55L_Qsc5	   11 734 0.015 0.70366 
PD5_Qoa1	   1.87 794 0.002 0.70363 
CM4_Qce2	   20 845 0.024 0.70361 
129LA_Qbh	   18 1042 0.017 0.70358 
SM2_Qdg	   12 676 0.018 0.70358 
S34-­‐7_Qwb3	   13 762 0.017 0.703568 
19SLS_QTsfu	   16 397 0.039 0.70356 
606-­‐_Que1	   27 742 0.036 0.70356 
LH3_Qdh2	   8 672 0.012 0.70356 
FP2_Qkc2	   6 620 0.01 0.70349 
BM3_Que1	   3 620 0.005 0.70343 
SF2-­‐2_Qck2	   37 921 0.04 0.7034 
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Sm	  and	  Nd	  data	  
	  
Sample	     Sm  Nd Sm/Nd 143Nd/144Nd 
770SS_Qsa2	   3.8 17 0.22 0.512666 
715#2_QTsfl	   4.39 21 0.21 0.51278 
PD4_Tof	   5.09 21 0.24 0.512528 
613-­‐_Tof	   4.6 19 0.24 0.512534 
801C#1_Tof	   4.43 20 0.22 0.512533 
SR6	   3.29 14 0.24 0.512588 
757BB_Qel	   7.99 52 0.15 0.512754 
717MR_Qwg3	   3.58 17 0.21 0.512617 
RT4_Qcd8	   4.95 22 0.23 0.512875 
SF-­‐2_Qac4	   5.9 24 0.25 0.512761 
GP1_Qgh3	   6.02 28 0.22 0.512951 
LC1_Qkc6	   3.91 19 0.21 0.512887 
TP6_Qgl3	   4.59 23 0.2 0.512825 
732SN_Qkb2	   4.56 22 0.21 0.512854 
JC734_Tac1	   4.44 22 0.2 0.512913 
703IP_Tbl	   13.8 79 0.17 0.51278 
SS8_QTwc	   7 42 0.17 0.512782 
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APPENDIX	  G	  	  
TEMPERATURE	  AND	  PRESSURES	  CALCULATED	  BY	  THE	  METHOD	  OF	  LEE	  ET	  AL	  
(2009)	  
For	  samples	  with	  over	  9	  wt%	  MgO	  determined	  to	  be	  on	  an	  olivine	  trend.	  
	  
Sample	   Temperature(°C)	   Pressure(Gpa)	  
103L_Qsc5	   1526.479	   3.181	  
105L_Qsc2	   1541.248	   3.498	  
108L_Qbb4	   1565.110	   3.670	  
113L_Qbb4	   1554.205	   3.518	  
114L_Qsb1	   1572.003	   3.820	  
118L_Qbb4	   1574.281	   3.780	  
213L_Qbc2	   1538.993	   3.430	  
216L_Qbb2	   1619.967	   4.381	  
218SM_Qbb3	   1531.061	   3.333	  
219SM_Qbb3	   1538.149	   3.339	  
223SM_Qhc2	   1566.488	   3.371	  
229L_Qmb4	   1591.251	   4.253	  
231SM_Qmb6	   1588.819	   4.080	  
236FR_QTsfu	   1562.110	   3.302	  
239MC_Qhb3	   1462.457	   2.482	  
240MC_Qhb1	   1522.751	   3.216	  
247IP_Qbb1	   1581.773	   4.027	  
300IP_Tnb3	   1519.562	   3.090	  
301IP_Qnb2	   1486.501	   2.628	  
303MC_Tnb1	   1515.062	   3.326	  
305IP_Qhb2	   1484.579	   2.523	  
311MC_QTnb	   1511.295	   3.287	  
314MC_Qng	   1486.496	   2.494	  
324MC_Qhe	   1518.621	   3.320	  
326MC_Tha1	   1523.322	   3.426	  
402MC_Qhe	   1523.222	   3.383	  
403MC_Qhe	   1508.296	   3.141	  
409MC_Qha1	   1518.571	   3.340	  
409MC1_Qha1	   1500.360	   3.221	  
431SM_Qmb6	   1585.300	   4.170	  
437SM_Qlh3	   1579.688	   4.023	  
454SS_Qsa2	   1550.512	   3.736	  
457MN_QTsf	   1492.337	   2.609	  
460OM_Qwc3	   1520.506	   3.091	  
460OM#2_Qwc3	   1513.789	   3.002	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50SM_Qld1	   1592.732	   4.291	  
56L_Qsb1	   1554.984	   3.500	  
6666-­‐_Trc2	   1528.588	   3.214	  
702MC_Qhb3	   1462.995	   2.530	  
705MC_Qhe	   1497.880	   3.050	  
709WK_Qgb1	   1525.431	   3.544	  
715#2_QTsfl	   1546.672	   3.373	  
716SM_Qmb6	   1571.773	   3.981	  
720S_Qab	   1454.585	   2.516	  
721GP_Qpc2	   1514.473	   3.026	  
723SS_Qmb1	   1493.956	   2.987	  
730LS_Qdj1	   1524.462	   3.266	  
732SN_Qkb2	   1517.013	   3.311	  
733SN_Qug	   1495.460	   3.159	  
740GP_Qgg4	   1509.372	   3.258	  
742S_Qad	   1558.702	   3.909	  
743WK_Qgj2	   1460.354	   2.576	  
763SM_Qbb3	   1535.553	   3.452	  
766#1_Qbb2	   1535.682	   3.519	  
804MC1_Qng	   1487.283	   2.536	  
815HC	   1537.393	   3.236	  
818HC	   1495.127	   2.996	  
819HC	   1472.453	   2.703	  
833HC	   1456.285	   2.528	  
842HC	   1528.656	   3.272	  
845HC	   1491.457	   3.065	  
846HC	   1482.602	   2.884	  
849HC	   1543.091	   3.235	  
853HC	   1541.868	   3.463	  
BB164_Qgb1	   1559.555	   3.706	  
BB199_Qjg4	   1537.503	   3.739	  
BB250_Qvc5	   1552.733	   3.666	  
C268_Qoa2	   1507.191	   2.931	  
CH210_Qcc9	   1505.833	   2.887	  
CH216_Qcd2	   1583.181	   4.393	  
CH220_Qcg1	   1582.724	   4.321	  
CH222_Qcb1	   1513.888	   3.263	  
CX2_Qkb1	   1521.701	   3.343	  
E34_Qah2	   1553.560	   3.564	  
E77_Qag	   1568.940	   3.709	  
FC2_Qph2	   1504.585	   3.140	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FM1-­‐2_Qcb3	   1444.813	   2.213	  
GP118_Qgg4	   1514.127	   3.109	  
GP121_Qgg4	   1554.015	   3.721	  
GP128_Qpc2	   1523.533	   3.012	  
GP139_Qge3	   1486.605	   2.907	  
GP151_Qpc7	   1523.923	   3.555	  
JC11_Qca	   1537.701	   3.715	  
JCMM3_QTac	   1522.128	   3.340	  
LLS61_Qde3	   1532.972	   3.319	  
LLS65_Qrd2	   1591.814	   3.997	  
LLS67_Qdj1	   1533.513	   3.277	  
LLS70_Qdc7	   1531.721	   3.239	  
LLS86_Trc2	   1562.926	   3.438	  
LLS90_Qdb	   1542.125	   3.416	  
PD5_Qoa1	   1576.312	   4.311	  
R17_Qgb1	   1526.462	   3.443	  
R21_Qgb1	   1520.955	   3.336	  
S92_Qad	   1584.668	   4.017	  
SN10_Quc3	   1542.225	   3.400	  
SN15_Quc2	   1537.229	   3.367	  
SN21_Quh1	   1417.818	   2.277	  
SN25_Que2	   1500.928	   3.006	  
SN26_Qug	   1514.223	   3.193	  
SN28_Qkb2	   1549.694	   3.500	  
SN29_Qkc3	   1445.859	   2.355	  
SN7_Qdb	   1459.931	   2.484	  
SS6-­‐2_Quh3	   1462.550	   2.864	  
SS6-­‐2_Quh3	   1462.550	   2.864	  
TP4_Qga	   1461.925	   2.791	  
TP4_Qga	   1461.925	   2.791	  
TP6_Qgl3	   1463.174	   2.707	  
WK103_Qgj2	   1480.005	   2.658	  
WK104_Qdc2	   1439.682	   2.270	  
WK27_Qgb1	   1548.312	   3.544	  
WK58_Qgb1	   1569.631	   3.837	  
WK64_Qgc2	   1461.934	   2.469	  
WK74_Qgj2	   1479.643	   2.507	  
WK75_Qdd5	   1467.013	   2.481	  
WK83_Qga	   1489.513	   2.708	  
WK84_Qgd5	   1468.994	   2.417	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